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DASD MAGNETIC CHANNEL DESIGN 


This course covers, from an integration point of view, the key 
components and processes of the recording and playback channel 
for rigid disk magnetic recording. The emphasis 1S on 


understanding the interaction of the magnetic and geometric 
parameters of heads and disks along with signal processing 
options for optimizing a design for desired bit and track 
densities and data and error rates. Included are: data 
encoding; the writing and reading processes on particulate and 
film disks, with ferrite, MIG, thin film, and magneto-resistive 


heads; signal and noise analyses, equalization, detection, and 
error correction. 


COURSE OUTLINE: 

1. Review of Magnetics Fundamentals 

2. Magnetic Units 

3. Ferromagnetic Behavior 

4. The Magnetic Transition 

5. The Recording Head Field 

6. The Write Process 

7. The Read Process 

8. Data Encoding, Detection and Error Correction 
9. Noise Sources, SNR and Soft Error Rate 
10. Equalization 

11. Linear Density Design and Optimization 


12. Track Density Design and Optimization 
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1. MAGNETIC FUNDAMENTALS 


1.1 FORCE BETWEEN CURRENT CARRYING WIRES 


Top Fields 
View | Cancel Add 
| 
Magnetic field around wire Zz Wires 


carrying dc current 


Parallel wires with I in same direction attract, in opposite 
direction repel. 


A magnetic field exerts a force on a current element. 


A current element generates a magnetic field. 


1.2 FORCE ON CURRENT ELEMENT 


re 


| £27 $8 6a6 
dF = I-dl+B-Sing re lLArB Sap 2 


Force is perpendicular to plane 
FLUX DENSITY B 
of B’ and dl and » sin of angle 


between B and dl i.e. cross product B —————> 
ob ets ee 
dF = I(dl X B) (Lec) 


1.3 FORCE PER CURRENT ELEMENT OR MAGNETIC FLUX DENSITY B 


I-dl = Current X Length = CURRENT MOMENT 


WITH ¢ = 90° 


pe FF = _F -__ Force sg. MAGNETIC FIELD INTENSITY 
I-dl Ley Current Moment FLUX PENS: 
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(WAONETIC CHALGE 


B > 
Let Om = pole strength of long magnet, N 
F = B-Qm = E-Q 
wash pA Wes yout? ~ cet 
FE Force Force 
B= — = ——_ = Long 
Om Pole Strength Unit Mag Pole Magnetized 
Needle 
FOR EQUAL B AND EF, POLE STRENGTH = CURRENT MOMENT | 
| S 
Unit Magnetic Pole = Unit Current Moment = 1 Amp-Meter (1.2) 
Website 
Unit Force 1 Newton = Leber 
1 Unit of B = ———-WA i AS SOF Om- (1.3) a-m 
Unit Mag Charge or Current Moment Amp-Meter ; 
1 Web 
mM? 
This is a reactive definition. Let's examine a source of B. _ { pu 
1.4 B PRODUCED BY A CURRENT ELEMENT. 
P 
The field intensity produced at a 
<~ ¢ dB 
point P by a current element I-dl ! (inward) 
| 
| 
is 8g 
dl 
I-dl-Si Th Sah t 
eeyeo Ss feKs ees I (1.4) 
r re 
k is a constant of proportionality given by 
M 
eS Se oe Cl23) 
47 


u is the permeability of the medium. 


The 47 is a matter of convenience since, as we will see, 
in air is defined with a 4m and, thus, the 41s will cancel. 
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B can be thought of as lines of flux. the magnitude of B is 
the flux density or 


Newton = web -* 


Webers _ Newtons 


= ———.— also = ————_—__ ; 1.6 
meter ” Amp-meter ( 


B is called the FLUX DENSITY as well as the MAGNETIC FIELD 
INTENSITY. 


(B is also called the magnetic induction and even sometimes 
the magnetic field...can be confusing). 


Weber 


From (1.5) it is seen that yw has the units of ————— 
Amp-Meter 
or since 1 amp through 1 Henry of inductance yields 1 
webber of flux, 1 webber is 1 Amp-Henry. in vacuum or 
air 


At Weber 
(Le) 


10’ Amp-meter 


1.5 AMPERES LAW AND H 
Tf (1.4) is solved for an infinitely long conductor, 
= —— (1.8) 


Where R is the perpendicular distance from point p to 
the conducting wire. 


If B is integrated around a path of radius R enclosing the 
wire once, we have 


 Bedl = ul = 26h GE (1.9) 
The result is independent of Rand holds for any path that 
encloses the conductor once. 

Note that the integral has the units of force/unit charge x 


distance. This is the work required to move the pole of a long 
magnetized needle around a conductor carrying a current I. 
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Equation (1.9) can be made independent of the medium by 
introducing the quantity H where 


Amperes peo sd wae. 
sill seed am ‘ peptam - (1.10) 


Ampere’ s Law is usually stated with H 


Heal =] (1.11) 


H is commonly called the magnetic field. This name is 
misleading since it implies that H is analogous to the electric 
field E which is not the case since in electric fields E enters 
into the force relation, where as in magnetic fields it is B 


that enters in the force relation. The name "Magnetizing Force" 
is more descriptive of H. 


1.6 B PRODUCED BY A CURRENT LOOP 


The Field Intensity, B, on the axis of a closed current loop is 


I 
B= = (1.12) 


Note that B is inversely proportional to the radius r of the 
loop and the difference between this and (1.8) is a factor T. 


1.7 MAGNETIC MOMENT 


When a current loop is place in a field B with its plane 
parallel to B, the resulting force tends to rotate the loop 
about an axis perpendicular to the field. For simplicity 
consider a square loop of side d. | 


The only force 


I arc 
is on the sides is I F 
perpendicular to the 3 { s 
field. From (1.1) the } 
force on each perpendicular Be d ss 
Side is I-ed°B. the torque on AXIS OF 
ROTATION 
the loop is 
_, 4 TUANS 
=o3s° a 
T = 2°Fed/2 = Ied?°B = I°A+B We Bn (1.13) 
ee ine 0, Be al =~ L-A-B-n 
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A is the area of the loop and is independent of the shape. 
The product I°A is the magnetic moment of the loop 


m= I*A Amp-Meter’? Also = uo°I°*A Weber-Meter (1.14) 


small m is used for magnetic moment. large M, yet to be 
introduced, will be called magnetization. 


pe tte eS 
If a short magnetic bar is +Om = 
placed in a field of intensity | 
B, the torque is 

A--m ™ wey = hve Nera RQ fe-mis 


poco ° ° ‘omen e ° _ Newer = ~ —_ | 


-Om 
Equating torques of a loop and b 
bar we get _ , 
“T= LA.S as On QB 1) B OSTSI0E (ins nie) 
ous " OR Te wXH = Que 
m= I-A = Qm-@ «. 2 (1..!1-5} 
Avr aa = \m]. lH Sin © 


The product Qm>} is also Known as the MAGNETIC DIPOLE MOMENT. 


The fields at a distance from a CURRENT LOOP and a BAR 


MAGNET are identical if the magnetic moments are equal. 


There is an magnetic equivalence between a round bar magnet 
and a solenoid if the solenoid current is chosen properly. 


1.8 MAGNETIC DIPOLES AND MAGNETIZATION 


A magnetized rod can be thought of as being made up of many 
little magnetic dipoles (or current loops) of m. 


eo ee a OE NT A Ne IN TT RL ON TTT 


ene 


N 


The magnetization M of the rod is defined as the dipole moment 
per unit volume. 
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If each little dipole has a charge qm and length dl, 


m 1 - res 2 Ames 
M = ee | fam+aa-ar = cubes Qn a an Meret 
Pi bye L 
youune 
If the volume V is A-e-l 

me m Amp-Meter A 
M= Qm>¥ = Qm ls Sei eesti a se (1.16) 

Ae A - Meter Meter 


The magnetized rod can also be thought of as being made up of 
current loops distributed along its length, at its surface 
(like a solenoid). 


From (1.15), (1.16) can also be written as 


m  QmeQ  NI-A  NI-A NI Amps 
V V V A-Q2 22 Meter 


NI/§ is the number current loops/unit length each carrying 
a current [. 


A MAGNETIZED ROD CAN BE REPRESENTED EQUALLY WELL AS BEING 
MADE UP OF MANY DIPOLES DISTRIBUTED THOUGH OUT ITS VOLUME, 
BY MAGNETIC CHARGE DISTRIBUTED OVER ITS ENDS OR BY 


CIRCUMFERENTIAL CURRENT LOOPS DISTRIBUTED ALONG ITS LENGTH. 
THE UNITS IN EACH CASE ARE AMPS/METER, THE SAME AS H. 


“— _ Qm _ NI (1.17) 


The different representations are useful for different 
considerations. This can seem confusing unless the equality is 
kept in mind. 


Magnetization is one of the primary parameters) that 
characterize a magnetic material. It is often referred to as 


the moment...another source of confusion. 
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1.9 THE MAGNETIC VECTORS B, H, AND M 
From equation (1.10) we have for the general case 
H = B/u AND B = yueH 
In nonferromagnetic media 


H = B/uy and B= uw °H 


In ferromagnetic media the difference in w is due to the 
magnetization M. 


c& 
agi si ens? s eeeROO™ 
H = B/ut - M and (1.18) 
B= uw (H + M) (1.19) 


Thinking in terms of the ‘magnetic charge at the poles 
representation , M generates magnetic charges @ at the poles 
of the media and the charge in turn generates the H and B 
fields. 


Lines of M start and end on the magnetic charges and lie inside 
the media. 


Lines of H start and end on the same magnetic charges and lie 
both in and out of the media but with different densities or 


magnitudes. 


Lines of B are continuous inside and outside the media. Inside 
the media M and H are in the opposite direction. 


H inside the media that is in response to M is called the 
demagetizing field since it opposes M. 


As seen from equation (1.21) if uw.is much greater than 1, the 
magnitude of H inside the media is small. 


-\-N- N-N-NN NN Hl 
M 
): 
Rone 6 Goc ) 5 
= Mon = 
| H B 


| WOIVE 
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Equation (1.19) can be written as 


B= uWw(H + M) = wo(1l + M/H)*H = wou. 


Mo *He = HW and 


u. = 1+ M/H is the Relative Permeability. (1.20) 


U. is in general very large in ferromagnetic materials ranging 
from 600 for nickel to 100,000 for permalloy and 200,00 for 
pure iron. 


ror 
Thus in magnetized ferromagnetic material M » H and 


B= uM. (1.21) 


The magnitude of the demagnetizing field, H, arising from the 
magnetic charges is proportional to M and is governed by the 
inverse square law. 


Thus ¥t decreases rapidly within the media. 


For our purposes demagnetization will only be of significance 


when corNcidering media of high Mr and close pole, or 
transition, spacing (i.e. thin film media at high linear 
density). 


The B, H and M vectors have a number of interesting vector 
relationships involving divergence, gradient and curl that are 
used to advantage in a more rigorous treatment (See chapter 4 
of Kraus.) but are not needed for our purposes. 


References: 


1. Kraus, J. D., Electro-Magnetics, McGraw-Hill, New York, 1953 


2. Mee, C. D., Magnetic Recording Vol 1 McGraw-Hill, New Youk, 
1985 


3. Mallinson, J. C., The Foundations of Magnetic Recording, 
Academic Press, San Diego, 1987 
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Problem 1.1 


A linear conductor carries a current of 10 amps’ in the + x 
direction. If the flux density everywhere is uniform with a 
magnitude of B = 2 Weber/meter’” parallel to the x-y plane and at an 
angle 45 degrees with respect to the x axis, find the magnitude and 
direction of the force on a 2 meter length of the conductor. 


caer set 


Fe LK 5 sin dg 
Problem 1.2 


A thin linear conduction situated in air carries a current of 10 
amps. What is the flux density produced by a section of the 
conductor 1 cm long at a distance of 2 meters normal to the 1 cm 
section? What is the H field? 


ey % AL rar , i ca & 2 % MA 
“ ¥ ease ual ~ fe t heey é — j | ied “e e 
“y se pflnemoersieon waa? ee acitsnce tel 


seer 


Problem 1.3 Af c* 
starting with equation (1.4) show that the field or flux density B 
at a point a distance R from an infinitely long wire carrying a 
current I is: 


a, 
a ? 


S vi Pai eee ‘ oN 
ch He aot ig oe s Goete  F R 
€ 4 Z by ao Se fg e sexes a ap Gg gs 5 — Cad ae 
SO ae CO x= Rin c 
Uo ol /é> 
fa A @ 
B= ¢ i i ~ 
~ ee i sane # soar ' 
ed a el , ae oe a 
TT R | 7 
2 © fi Phe 
Sea 


(hint: try letting the variable of integration be d¢.) 


Problem 1.4 


What is the flux density for the conditions of problem 2 due to an 
infinite length of the conductor? 


Problem 1.5 


A uniform magnetic dipole moment of 80 amp-meter’ is generated in a 
bar with a volume of 1,000 cm and u.of 1000 when it is placed ina 


Uniform magnetic field-of Bs. Find M,. H,: and B. eee = 1DE@ 
Vv : AA / 
flac Se i r m4 it 
Problem 1.6 j 


What is the maximum torque on a small, square loop of 100 turns in 
a field of uniform flux density of B = 3 Weber/meter’*? The loop is 
10 cm on a side and carries a current of 1 amps. (b) What is’ the 
magnetic moment of the loop? 


Institute for Information Storage Technology -- Roy A. Jensen 


EE469 DASD Magnetic Channel Design -- Magnetic Fundamentals Page 1.10 


Problem 1.7 
For a bar of maginetic material sketch the magnitude of the M, H 


and B fields along the center line. Let the X axis be parallel to 
the center line. _ 


— an nN um ee Nem 


Xy 


X, oad 
y (nj ever 


i Bvt X, Xwz 
M 
r\ 
sae s Sx, ve 
dX 
H th, 
Div H 
ay, 
| DivM = Dial 
ia pr Tensinaat X, 


1 Xe 
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MAGNETIC UNITS EQUIVALENTS AND CONVERSIONS 


There are several factors that lead to confusion between the 
MKS and CGS magnetic units. 


There is confussion within each system. 


There is not a one for one units correspondance in the 


quanties. For example the basic unit of magnetic charge in 
MKS is the A-m while in the CGS it is EMU/cm -- a length’ 
difference. 


Fach system has two quantities commonly used for magnetic 
charge. 


The EMU/cm emits 417 lines of flux, Gauss, while the A-m emits 
4n°10°” lines of flux, Tesla. 


Uo in MKS is 417/10’ while in CGS it is 1. . 


Converting with unfamilar units can often be confussing. For 
example. How the conversion is stated is key. 


1 foot = 12 inches however 
L in feet = L in inches/12 


The difference is whether you are stating a converson 
equivalency or converting a given numerical value. 


In the former case the numerical values are different since the 
units are different. 


In the latter case the numerical values are equal since the 
conversion is being made. 
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2.1 MAGNETIC CHARGE 


Force is a good linking point between MKS and CGS-EMU systems. 


In MKS there are two forms of the force equation often 
encountered. 


e Hom (QMy 3 )? ee (Qm, 2)” 
4nd? Uo, 41°d? 


Ps 
The , subscript denotes MKS units. 

EF. is in Newtons 

QMy2 = QMri*Wo = QmMy, °47°10°’ 

Om.,2 iS in Webers (Web) 

QOm,; is in Amp-meters (A-m) 


Uon is in Web/A-m or Henry/meter = 41/10’ Web 


A-m 
aqdis in meters 
(A-m) (Web) 
2 2 
m Qm, 2 ) 
EF, in Newtons = Ea = _12Mn 2) C221) 
47° S 47 *U, ae d A 
4 _ . al A F ‘ so Ae. _ ty A 
WwW (a -4 _ we Ww } it = se a A WN t 1 a af tg c 


It does not matter which we use as long as we use the correct 


Om. 


In the strictest sense A-m is the perfered unit of charge and 
emits wu,Webers of flux; however, it is easy to equate one unit 
of flux to one unit of charge. Thus arises the Weber form. 


Also the Weber form is analogous to the electrostatic equation 
for force in that yo like e, is in the demominator. 
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In CGS units there are, similarly, two forms that can be used. 


(EMU/cm ) (Max) 
2 2 coe 
F. in Dynes = (mei )” Sec sera ee (22) 
Mog od (47) 7% +o, *d? Cr * Or. 
= Qrmat 9S 
The subscript ,. denotes CGS. Bare cP ener 
Om, is in EMU/cm Geer oe 
, : _6 3% 
Om, is in Maxwells (Max) Att to web re, Aim 
4 


Ome, = Qm.2, /4T _s 
= lo” WéEB-A jo Neume= 1 dyn 
Uoc is Gauss/Oersted (Ga/Oe) = 1 


dis incm 


The prefered unit charge is the EMU/cm which emits 417 Maxwells 
of flux. a 


The Maxwell form is seldom used but is useful in starting the 
the conversion process. | 


Note that there is a factor of length? difference between the 
unit of magnetic charge in the two systems, i.e A-m and EMU/cm. 
The definition of EMU will be given in section 2.5. 


In order to find the conversion factors for Qm between the two 
systems consider two magnetic charges separated by 1 meter. 


The force between the charges, calculated in each system is 


related by 
Ee. = By 0" since there are 10° dynes/Newton. 
(EMU/cm) (Max) 
ow 
p= (2Mci)* _  (Qme 2)? EWE GROG. Ne 
: lige a" (47) **Uo, +d? Crr* GA <m™ 
(A-m) (Web) 
Hom (Qm,, )? (Omine )- 
F,(10°) = —————_-- (10°) = ———— (10° 
( 4m ed? ( AT * Hon °a* ( 
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Substituting wu, = 47/10’, wo. = 1, dg, = 1& A = 100 


(EMU /cm) (Max ) (A-m) (Web) 
(Qm.,)? (Qm. 2)? (Qm.. )” ( Omes | 
Sees | hee ae, | ee ————--(10° ) = —————-+(10*” ) 
10" (41) ?7+104 10’ (41)? 


Multiplying through by 10* and taking the square root 


(EMU/cm) (Max ) (A-m) (Web) 
Ones: = Mea = Qm,°10 = QMn 2 408 (2.3) 
4m 4am 
Thus 
1 EMU/com = 10° *A-m. = 47°10 *Web — (2.4) 
and 
1 Maxwell = 10° *Weber = 1/(4710) A-m (2.5) 
Also 
1 EMU/cm = 41 Maxwell 
| (2.6) 
1 A-m = 417/u, Weber 
2.2 ELUX DENSITY, B 
B, is in Web/M’ = Tesla 
B. is in Max/cm’? = Gauss 
Max/cm? Max M7’ 
B./Bu = ——oop OF Oa = ~«10« F © 10% ~2= 10° * 
o / Bn Web/m? Web cm? 
B. = By,°10°* 
1 Gauss = 10°* Tesla (2.7) 
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2.3 MAGNETIC FIELD, H 


Ayn = Bu/Wo, = Amp/meter 


H. = B/Moe = Oersted 

Bra 2 10’ 10° 
H, /H.e = Pt MOGs. a 10° * <= 

Be Hon an 4n 

10° 

= H.° 
He ant 
10° 
1 Oe = ll 


47m meter 


2.4 CURRENT, I 


Ampere’s Law 


[Ha = I 


l, is in meters 

I, is in Amperes 
Hoel =|. 

l. is in cm 


IL. is to be determined 


1 Gilbert 


One unit of I, = 
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(2.8) 


(2.9) 


Generally the current is converted to Amperes in the CGS-EMU 


system. 
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2.5 MAGNETIC DIPOLE MOMENT, m 


Since dipole moment is Qm-f, we can creat equal moments by 
multiplying the equal charges of equations (2.4) and (2.5) by 
equal lengths of 1 cm or .0O1m as appropriate. | 


Thus 
1 EMU = 10°*A-m* = 41°10°?°Web-m (2.10) 
and 
1 Maxwell-cm 10- 1° Weber-m (2.11) 
Also 


1 EMU = 47 Maxwell-cm (2.12) 


1 A-m? = 1/u,, Web-m 


The MKS equation of C2 6.d-) reflects the equivalent 
repersentations of current times area and charge times’ length 
for magnetic moment as discussed in section 1.7. Ths 
equivalency is not so evident in the CGS case. 


The EMU and the A-m? are the perferred units. 


The system that is popular in much of the magnetics industry 
and US literature uses EMUs for magnetic moment, m,_ and 
magnetization, M, together with Gauss for flux density and 
field, B, and Oersted for magnetizing force, H. 
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2.6 MAGNETIZATION, M 


Since M is moment m per unit volume, we can creat equal 
magnetizations by dividing equations (2.9) and (2.10) by equal 
volumes of 1 cm* and 10°° meter®. : 


Thus 
1 EMU/cm? = 10°A/m |=> 41+10° *Web/m? (2.13) 
and 
Pg a ee ‘| 
| 1 Maxwell/cm? <= 10°/41 A/m => 10°*Weber/m? | (2.14) 
Eee aaa eee ee mee ne eet FE RE SO Pan ae Oe Oe Rey Nee J 
Also 
1 EMU/cm® => 47 Maxwell/cm?’ 
(2.15.) 


1 A/m => 1/u,,Web/m? 


Although quations (2.9, 10 & 11) express equal quantities some 
distinctions must be made. 


In MKS A/m or A-m/m’? are used for the magneization M. 

Uoun°M is Web/m? but is the flux density B emitted by M. See 
equation (1.21) 

In CGS EMU/cm* is used for magnetization (often called moment). 
Gauss is the flux density emitted by M. 


Since 


Oersted 
Moc = 1 ee = 1 
auss 


there is a numerical equivalancy between Gauss and Oersted in 


CGS units that leads to B and H being used interchangably and 
the difference can become blurred. 


1 EMU/cm® = 47 Gauss = 41 Oersted 
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The magnetization M is sometimes expressed as Oersted. 


3 


| 10 
1M, Oersted = res -M, Amp/meter (2.416) 


or 
1 Oersted = 47/10° Amp/meter 


THE FIELD FROM A MAGNETIZED FERRORMAGNETIC MEDIA IS 47M 
GAUSS WHEN M IS EMU/CM ; WHEREAS, IT IS JUST M _ GAUSS 
WHEN M IS OERSTED. 


1M, Oersted = — —~ = —— 


A complete set of equivalents for magnetization is 


(Zell) 
Remember, magnetization is often referred to as “moment’. 
As before magnetization has three equal representaions. 
m/V = EMU/cm° 
 EMU/cm 
QOm/Area = —= and (2.18) 


I/§ = EMU/cm*® = See problem 2.5 


(2.18) is one of the forms that we will use later. 
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2 OY Sees ad ; er oe r) - 
biases = — WG > ae | Max = l GiL-cm = !1@ A-cm 
hoe ne - Ia dr 
1Gics 5 4, 
Ao orn oe re > aw Ame = i @ A -(“" 
2.7 SUMMARY WeRrn = LOO = 1D Eye ar 
C een iv ‘ 


pweSe= | preP-teney =o A-» 
Att 


COMMON | 
QUANTITY SYMBOL MKS CGS-EMU CONVERSION lem aM 


ea a 
MAGNETIC Om 1 Amp-meter 1 EMU/cm = 1/10 A-m = 41107-"Web 
CHARGE 1 Weber 1 Maxwell = 1/(41°10) A-m = 10-"Web = Ane 

(1 A-M = UoHeb) (1 EMU/cm = 41 Max) L\ ouLé* 

[A-m= 4a lowes (eneboy) 

| wees Bo 

FLUX DENSITY B 1 Weber/aeter® > ™-. 1 Manvel /cn? F 
MAG FIELD INTENSITY |) ple” 1 Tesla hr" 1 Gauss = 10°* Tesla = ou web 

(1 Web/m? = 1] Tesla) (1 Max/cm? = 1 Gauss) fe 

41 Henry Web Gauss . 41 Weber 
PERMEABILITY of Space i —- or — ] = 
10’ meter A-M  Oersted 10’ Amp-neter 
MAGNETIC FIELD q 1 Amp/meter 1 Oersted = 10°/41 Amp/meter 
MAGNETIZATION FORCE 
CURRENT I 1 Ampere 1 Gilbert = 10/417 Amp 
MAGNETIC DIPOLE m 1 Amp-neter? 1 EMU = 10°°A-m? = 41107 *°Web-m 
MOMENT | 1 Web-meter 1 Max-cn = 10°°/4n A-m? = 107*°Web-n 
MAGNETI ZATION M 1 Amp/meter 1 EMU/cm* = 10°Amp/meter 
1 Oersted = 10°/4n Anp/meter 
3 
Afr 02 = | Erwlen? = lo Ay = 108 fem 
Conversion examples. | 
: O€ = ag emlem? 
1. A coercivity of 1000 Oe is how many Ampere/meter? USE Atm In Oe 
From the row for H we see 1 Oersted = 10° /4n Amp/meter. 
Multiply both sides by 1000 and we get | ‘ 
) fe zc V2. 


1000 Oe = 10° /4n Amp/meter = 
2. A magnetic charge of 15 Ampere-meter is how many EMU/cm? 


From the row for Qm we see 1 EMU/cm = .1 A-m. This changes 
to 1 A-m = 10 EMU/cm. Now multiply both sides by 15 and 


15 A-m = 150 EMU/cm 
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Problem 2.1 

Starting with equations (2.1) and (2.2) work through the 
substitutions leading to equation (2.3) 

Problem 2.2 


Find the magnitude of the magnetic charge in the indicated units 
that has to be placed in the center of each of the spheres below to 
gives the indicated flux densities at the surface of the sphere. 


a i. b e 
B= 7 
arr EC 
av -->j}1 Tesla CH 
| Z 4 
+ pep rate. 
ae bopey 
Mi Sao? 
Cc a es 
1 Gauss -->} 1 Gauss 
ett & . ii 7 
ar Me HOS — WCK 
IC 


Problem 2.3 


A bar shaped piece of magnetic material has a length 1, width W 
and thickness t. It has a magntization Mr. 


a. Show that the magnetic charge per unit width is Mret and is 
thus independent of 1 and W. 


Met = Sg Oe. 
b. What are the units of Mret in MKS? f i 


C. What are the units in CGS-EMU? 


d. What is the significance of the product of Mr-t+W? 


Advanced Channel Integration -- Roy A. Jensen 


DASD Magnetic Channel Design -- Magnetic Units Page 2.11 


Problem 2.4 


Assume the material of problem 2.3 is a section of a magnetic 


coating Mr = 500,000 Amp/meter and t = 15 winches. Find Mret in 
EMU units. 


Problem 2.5 


For deriving equations (2.10) and (2.11) why aren’t the charges of 
(2.3) rather than (2.4) and (2.5) a as by length. 


ais PLENK & ee 
fy Z s Pe yo 2 
4 gPem : j pe eo t EE ay ow i. 
(Leu a [t = Lone Aey et ON eas jer = Jos / Po - ' 
(rr = oe OU If i{ 4 
ig inité 
sy. =F aii roe 
Problem 2.6 i 


The MKS units for magnetic moment, refect the equivalence of I-Area 4N° G4 
equivatence of—iI-Area and Om-l. Find the equivalent form in CGS 
with the proper values. I. e. find the values of K and K, 


1 EMU = K Gilbert-cm* = K, Amp-cm? = 41 Max-cm 


Problem 2.7 


Equation 1.19 states the relationship between B, H and M 
as 


B= Ye CH eM) 


This is in MKS units. State the relationship in the shortest form 
in CGS-EMU units. 


Problem 2.8 


a. Convert the MKS results of problem 1.5 to the corresponding 
CGS values and units. 


b. Rework problem 1.5 by first converting the given dipole moment 
to the proper CGS units and finding M, H & B in CGS units. 


aacuanvtr/unsnnanrananentasazenateetieeareeteranpnnimaneenganepesristetnnneareeeinaneate anenteatnenaeyeattnantnenectnte maar aeenne dnneagiahatintinetitamttetentnnn ete A ALLEN ALENT TE EEL ICRECOLEE CN OEIC CDEC CIAL TNA CL COLNE ELST CCC LLL NEEL LL CLIO LOTTIE LLL 
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3. FERROMAGNETIC BEHAVIOR 


Equations (1.11) and (1.18) imply rather simple relationships; 


meg 
ead wird madih 
H = B/y H = B/Wo - M 


KAS Mx 


however in ferromagnetic materials uw (or uw.) is not constant but 


is a function of both the applied field and the previous magnetic 
history. 


In a ferrormagnetic material the magnetic effects are produced by 
the motion of the electrons of the individual atoms. 


Each atom acts like a tiny bar magnet. 


In a material such a iron these atomic magnets over a region 
called a domain tend to orient themselves parallel to each other. 


These domains tend to vary in size and shape from microscopic to 
a millimeter or so. 


Each domain is like a little bar magnet but in unmagnetized iron 
the alignment of each domain is in either direction along any one 


of the three mutually perpendicular crystal axis and there is no 
net magnetization. 
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INITIAL MAGNETIZATION AND SATURATION Ms 


If an unmagnetized sample is placed in an external field, H, 
that is parallel to one of the ax®s, some of the domains’ with 
align with the field. 


If this external field stars at O value and increases, the net 
induced magnetization, M, is as shown in Figure 3.1. 


Magnetic saturation Ms is reached when all of the domains” are 
aligned. 


The curve of Figure 3.1 is called the initial magnetization 
curve. 


INITIAL MAGNETIZATION CURVE 


TYPICAL FERROMAGNETIC MATERIAL 


600 
SATURATION ——> 

500 
O 

\ 400 
2 
= 
tu 
3 

7 300 
< 
N 
‘a 
if 
C 

2 200 
= 

100 

0 

0 0.2 0.4 0.5 0.8 1 1.2 1.4 1.6 1.8 
(Thousands) 


H FIELD, OERSTED 


Figure 3.1 
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M-H LOOPS AND MAGNETIC REMANENCE Mr 


When H is now reduced to O, there is some decrease inM but 
most of the domains remain aligned and there is a remanent or 
permanent magnetization Mr. | 


As H is increased in the opposite, or negative, direction, M 
will decrease more rapidly and eventually reach O. 


This value of H is defined as the coercive force or coercivity 
He. 


If H is increased to a large negative value and then back to a 
large positive value, M will behave as shown in Figure 3.2. 


If the magnetic properties are the same for each orientation 
of the material it is isotropic. 


If there are differences in magnetic properties for different 
orientations, as is generally the case, it 1s anisotropic. 


The ratio of the same parameter for, say, two orientations is 
called the anisotropy of that parameter. For example, "the 


circumferential to tangential remanent anisotropy of the 
coating is .2". 


90 °, ETC 


MAGNETIC HYSTERESIS LOOP — (Ha matniente marcem) 


MAGNETIZATION, M 


REMANENT MAGNETIZATION, Mr —> 
SATURATION 
MAGNETIZATION, Ms 


MAGNETIZING FORCE, H 


COERCMITY, He 


Figure 3.2 
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If H is increased and decreased in the positive and negative 
directions to values other than large all sorts of minor loops 
can be traced. Some examples are shown in Figure 3.3 


MINOR HYSTERESIS LOOPS 


. MAGNETIZING FORCE, H 


a 
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3.3 HARD AND SOFT MAGNETIC MATERIALS 


Ferromagnetic materials with relatively large values of Mr and 
Hc are hard magnetic materials and those with relatively small 
values are soft magnetic materials. 


Figure 3.2 is a hard magnetic material and Figure 3.4 is a 
soft magnetic material. 


Hard magnetic materials are desirable for permanent magnets 
and recording materials. 


Soft magnetic materials are desirable for electromagnets and 
recording heads. 


SOFT MAGNETIC MATERIAL 


MAGNETIZATION, 


MAGNETIZING FORCE, H 


Figure 3.4 
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3.4 MAGNETIC AND COERCIVE SQUARENESS 


Quantities that help to characterize the M-H loop and the 
material in addition to Mr and Hc are the magnetization 


squareness S and the coercive squareness S* (usually called S 
star). 


These two quantities are shown in Figure 3.5. 
S = Mr/Ms 
s* = H1/Hce = 1-Mr/Hc+CoTan& 


Where 8 is the angle between the H axis and the M-H line 
through He as shown in Figure 3.5. 


In a magnet or recording material a high S (close to 1) is 
desirable in order to have as high a magnetic strength or 
read-back signal as possible. 


A material with a high S* will require less H field to bring 
the magnetization to saturation and thus the remanent 
magnetization to Mr. 


In the case of a recording material high S* material will have 
sharper transitions. A good recording material has an S* 2.75. 


SQUARENESSES S AND 5S* 


MAGNETIZATION, M 


Ms 


S = Mr/Ms 
S* = 1—(Mr/He)Cotan(p) 


a[-Mc-He-He |). He= Be 
He Ar | 


Figure .3.5 
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3.5 EFFECT OF A MEDIA SUBSTRATE 


The curves of Figures 3.1 - 3.5 are as would be measured with 
pure samples of ferromagnetic magnetic materials. 


When a small sample cut form a disk is measured, the 


substraight, even thought non-ferromagnetic, may be 
paramagnetic. 
In paramagnetic materials there is a week induced 


magnetization in the same direction as the magnetizing force, 
H. When H is removed there is no remanent. 


The effect on the M-H loop of such a substraight is shown in 
Figure 3.6. The magnetization in the substrate adds linearly 
to that of the ferromagnetic media. 


Note the effect on the determination of Ms and S* and Hc. 


M—H LOOP WITH SUBSTRATE EFFECT 


MAGNETIZATION, M = 
Ms 
Mr 
os 
ae aa 


MAGNETIZING FORCE, H 


Mr/Ms 
= | —(Mr/ He)Cotan(p) 


Figure 3.6 
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3.6 THE REMENANCE TRANSFER CURVE 


If a hard ferromagnetic material is driven to satyu@tion, say 
in the + H direction, and then H is brought to a value between 
O and -Hc, say some -H,, and then to 0, the resulting 


remenance will be greater than the value of M corresponding to 
-H, ° 


If this value of M is plotted for the value -H,, and _ the 
process repeated for a contumueum of -H, values a new curve is 
generated as shown in Figure 3.6. 


This curve is called the remenance transfer curve. It will be 
of use when we study the writing process. 


Note that for the material to be left with M = O from the + 
saturated state H must be driven to -Ho. Correspondingly there 
is a +Ho. 


Figure 3.6 is for illustration and is not necesserily accurate 
interms of the increasing separation of the remenance transfer 
and loop curves. 


N 
REMEMANCE TRANSFER CURVE 


MAGNETIZATION, M 


: aw 


Figure 3.6 
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3.5 PROBLEMS 


1. From the following M-H loops determine Hc, Ms, Mr, S and S*. 
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4. THE MAGNETIC TRANSITION 


4.1 MAGNETIC RECORDING 


The essence of magnetic recording is the creation and 
detection of a series of magnetic bars of alternating polarity 
and of varying lengths in a hard magnetic medium. 


ae a | 
EiLx DEITY 


The B field is much like that shown on page 1.7 except that 
the flux does not exit from the ends but from the sides near 
the end and none of it crosses the transition plane. Bx = 0 
right at the transition. 


Also the magnetic charge at the transition is twice as large. 


The external B field is concentrated at the transitions. . 


tetas 
wy 


B Field 7; ree MEO 
U ee? 2 poe ME SAME 
re a B 
nor iv 2 @ 
“ cs rd . iA 
we voroe MEP 
| eee ee 


H Field 


The trend is to higher and higher linear densities. 
The magnetic limit to linear density is two fold: 


1. how close the transitions can be packed in the medium 
and 


2. obtaining adequate signal from reading heads small enough 
to resolve close transitions. 


In this section we will examine the nature of a transition and 
some limits to closeness. 
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4.2 THE MAGNETIC TRANSITION 


The following considerations apply in general to a transition 
in the medium or to the boundary between a magnetic medium and 
air. The primary difference are the values of B andH right 
at the boundary. At a boundary to a nonmagnetic medium they 
have finite values while at a transition they are both zero. 


Mathematically there are three relationships that lead to 
these results: 


Gauss’s law, 
B= u(M + H) equation (1.19) and 


B being continuous. 


Gauss’s law states that the net flux that comes out of a 


volume is equal to the charge within the volume. Stated more 
formally. ) 
CWALGE 
Meds = (Rho):dadV = Om (4.1) 
S V 
CARRE DENHTY 

Where Rho is the magnetic charge per unit volume or charge 
density. 


If the charge density is uniform over a small volume delta V, 
(4.1) becomes 


Meds = (Rho) «dV 
S) 
and 
M-ds 
S 
—_—__————- = Rho (4.2) 
delta V | 


= uo (M + u) 


The limit as delta V-->0 is defined as the divergence. Thus 


Dw = JB In & SINGLE 


div M = Rho dx = DimMeNSION = 43) 
x (A \+ 
= pe (4 4 x) =Q 
Where div is the divergence. 
dm _ JH 
div-B = 0 and ax ~ TK (4.4) 
diveH = -diveM jal 2 DiMErSions€ (4.5) 
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By a straight forward consideration of the flux flows in and 


out of a small volume del x by del y by del z it is shown that 
PARTIAL De hiviTive? 
— | \ 
aMx : dMy : dMz CARLCE — e dk 


div M=-—-—— —— 4.6 
dx dy dz oe f = ox ( ) 
Oo¥ 
Where Mx is the x component of M etc. 
Further consideration of these equations’ leads to the 


the following conclusions. 
The rate of change of H = the negative rate of change of M. 


A large change in M gives rise to a large value of H which 
in turn acts to demagnetize or decrease the value of M. 


diveH = -divemM © (4.5) 


There cannot be a discontinuity in M at the boundary of the 
media. 


The rate of change of M also equals the magnetic charge 
density, Rho, i.e. Qm/unit volume. 


div M = Rho (4.3) 


Thus the magnetic charge extends into the medium a= short 
distance from the boundary or transition. 


An equilibrium is reached such that M drops to O at the 
boundary or transition. 

In the case of a boundary to air, H starts out with a value 
= M (4mM for CGS) at the boundary and decreases to B/U, Or O 
for media of high u. 


In the case of a transition H has to be O right at _ the 
transition since both B and M are. H will increase rapidly 
to some maximum value and then decrease to B/UL. 


Thus, the transition has a finite length over which the 
values of M, H and Om are all changing. 
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H and M as functions of x look like this. 


Magnetic Media 


x=0 
BOUNDARY WITH AIR 


0 reo cannes 9 
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ee Cee 
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x=0 SELE DEMPENETIZATION 
MEDIA TRANSITION Hy Pempes M 
Fux REVERSAL 


The length of the transition depends on 


two things. 
1. The demagnetizing field limit i.e. H, can not exceed He 
2. The sharpness of the magnetization field, H, from the 
writing head. 


We will first examine the demagnetizing field limit. 
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4.3 THE DEMAGNETIZING FIELD AND TRANSITION LENGTH 


H with in a magnetic media, arising from the magnetic charges 
that are generated by the magnetization M, is called the 
demagnetizing field because it acts to decrease the 
magnetization. 7 N= 5 MEoIA 

oe NR See. re 


—_ 


While M begins on negative or south poles and ends on _ the 


positive or north poles, H begins on the positive charge and 
ends on the negative. (afeeclposite) 


The field H, drives M down the M-H loop in the second 
quadrant. 


H, grows from insignificance to a value not to exceed Hc as 
you approach the transition. 


EFFECT OF DEMAGNETIZATION FIELD, Hd 


MAGNETIZATION, M 


H can be rigorously determined in the transition region by 
summing the contribution from each magnetic charge. 


The charge in turn is the volume integral of the divergence of 
M. Thus H has the form 


- div M 
rs ~ | age av (4.7) 
8 
But M is also dependent on H,. A rigorous solution is 


iterative and nonlinear. 
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Such a solution is called self consistent. 


It has to be carried out over a large number of mesh _ points 
and is not very practical. 


self consistent results also require some initial assumption 
of the form of the final result. 


If M is initially assumed to be a step function from -Mr to Mr 
at the transition, a final distribution of M is obtained. 


If M is initially assumed to be a ramp function from -Mrto Mr 
a different final distribution is obtained. Etc. 


One very useful form is the arctangent. This is the form that 
we will use for the transition in determining its effect on 
the read-back pulse. 


a is called the transition parameter 


ta the transition length. 


MEDIA MAGNETIZATION Mr 
o Oo 98 9 
oN et Hh DD 
= 
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For the arctangent transition 


with y 


Hd, (x, y=0O) 
Mr 


The 


Hd(x,y0)/Mr 


te 


effect 


(t/2 + yen 
Hd, (x,y) = 4Mre|tan-1. | ———--——_| + tan-1 
: x 


x? + a? + |[t/2 + ylea 


O (the center of the media) 
and denominator by t? 


= 8-tan-1l 
| cep + (a/t)? + 1/24a/t) 


NEAL 


Na 


SiGe 2 Sees Ly] 
NH 


i 


N 


of y unequal to O is not strong. 


t= TWiChwess of MediA 
y acrAa (ce) ah. me (Sisqo M, 


(4.9) 


in CGS units. 


(t/2 - y)ex 
2+ a? + [t/2 - ylea 


+ Te | =? 4n Mr 
and dividing numerator 
(4.9) becomes 


(4.10) 
On Tnilcawed 


1/2+(x/t) | 


— _ Nebmacrs 240 ove Mt 


DEMAGNETIZING FIELD, Hd(x,y=0) 
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x/t 


For y = t/2 the 


values for Hx are 10 to 20% lower. 


Demagnetization is of significance when writing at high linear 


densities. 


It adds or subtracts from the writing field resulting in 


= 


as 


requiring a larger writing field than at lower density 


a shift in the location of the transition. 


We will Lookd at these efffects in detail later. 


i 
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For an arctangent transition the maximum value of Hx is 


t 
Ha: (max ) = 8Mretan’ > (fac + t/2a)*? (4.10) 


Setting Hd, = Hc, since Hx can not exceed Hc, we get for the 
transition parameter a 


Ford APPloximMnoy T Be Acckire 


tc 
—— As 
a << (4.12) 
He 
And for the transition length 2 iM 22, 4: 
rc 
27Mrt 
lle 0 pend 
Hc 
a is often used as a key characteristic of @@@ a media. 
It is the minimum possible value of a. uid ! MeTELS 


In an actual written transition a will be increased by the 
effects of S* and the gradient of the write head field. 


When we cover the writing process, we will modify a to include 
a broader range of effects. 
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4.4 PROBLEMS 


Problem(4.1> 


Find a from equation (4.40) for Hd, (max) = Hc without making ewe 
any approximations. What are the approximations that lead to ie 
(4.11)? Problems 2 and 3 with let you examine the validity of 
these approximations aS H1e He 


Problem 4.3 


A particulate disk has an Hc of 500 Oe, Mr of 75 EMU/cc and a 
t of .25 microns. 


a. Find a, and Ta. 

b. Find Hd, (max) 

c. Check the validity of the approximations of problem 1. 
d. Find a, and Hx(max) using the exact equation for a. 


Problem(4.3 


A thin film disk has an Hc of 500 Oe, Mr of 500 EMU/cc and t 
of 300 A. 


a. Find a, and Ta. 

b. Find Hd, (max) 

c. Check the validity of the approximations of problem 1. 
d. Find a, and Hd, (max) using the exact equation for a. 


Problem 


What recording differences would you expect to see between the 
disks of Problems 2 & 3? 


Problem 4.5 
a 


Equation 4.9 is stated to be in CGS units. Why isn’t the 
coeficient of the Atan factor 41M instead of just 4M? 
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5. THE RECORDING HEAD FIELD 
5.1 THE MAGNETIC CIRCUIT AND RELUCTANCE 
Consider a magnetically soft iron toroid of mean radius R, a 
uniform cross sectional area A, and with N turns of an 


insulated conductor carrying a current I. 


From Ampere’s law, equation 1.7 


NI = | iq) —ebtery, 
ee U, 


Multiplying by A, /A; 


NI 


L 
BAs— = EFlux-Rel 
WA 


Where 
BA = EIFlux, the total flux 


L/WA = Rel, the Reluctance 


There is an analogy between this "magnetic circuit" and an 
electrical circuit where 


E a NI = Potential or Magnetomotive Force 

I a Flux Both are continuous 

Ra Reluctance, Both are proportional to L/A 
If the flux path is made of sections of different geometries 
and materials, the flux due to NI is inversely proportional to 


a serial summation of the reluctances around the flux path. 


SF1 = ae re, 
lux = ————— _—_—_ = — a 
Rel, + Rel, «<*t Rel, ERel 


In any given section of the path (say the nth section) 


H = B Be ete @ een Loe 
n n / Un A, re. Ls Tee, 
NI Rel, 
H = : (342) 
L, tRel 


If there are abrupt changes in area or sharp corners, there 
may be flux leakage around some sections. 
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5.2 THE MAGNETIC CIRCUIT WITH AN AIR GAP 


A magnetic recording head is essentially a magnetic circuit 


with an air gap in it. 


It is the fringe field in the area of the gap that provides 


the magnetization force to magnetize the magnetic media. 


Consider again the toroid. Let’s 
cut a small gap of length g in it. 


Also, for generality, let the area 
right in the region of the gap be 
different, say A,. 


The H field in the gap can be 
found from equation (5.2). 


- CwXx 


Fount © leo 
(Leake eLu¥ 


NI a NI 1 
A, = — °C” (5.3) 
g (1 + Rel, /Rel,) g (1 + I/H, 
In the case of a recording head it is desirable to have H, as 
large as possible. (5.3) can be written as 
NI 
A. = °€ (5.4) 
g 
Where « is called the efficiency. 
1 
¢ = (S20) 
LA, 
(4-3) 
HM. JA; 
Good efficiency requires Rel, » Rel, 
Generally for a recording head A, > A, and L,*g > L. High u 


material is goodness. 


Efficiency for film heads is generally .8 or better. 


Efficiency is of more importance when reading than when writing 


since when writing I can be made as large as desired. 


Equations- (S21) = (5.5) ‘are. only valid “for .a. itinear 
relationship, i.e. constant u, no hysteresis and 
saturation. 


M-H 
no 
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5.3 SATURATION WITHIN THE HEAD 
I is generally increased until M and B in some area of the 
head reach saturation levels Ms and Bs. This will occur in 
the region of lowest cross sectional area. 


For a thin film head this is normally in the sloped region of 
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In the case of saturation the EFlux (5.1) becomes 


XFlux = Bs°-As A 
Feo Line dono, Ag 1 Ts 


Also 
Bs As Bs P ——s 
Be Se: neers Wie (RS = le For Th > P bs Ue (5.6) 
Mo A, Mo Th 
“TNoar HeliGHt 


Where As is the smallest or limiting cross sectional area and 
Th is the throat height (labled LT above). 
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Since P is set by design and Th is more uncrontrolled. H, 
is inversely proportional to Th or the "throat height". 


i arn 
} ae 
3 
De eee 59 
OF © 
i 
: Fi 
¥ ee 


Throat height control from head to head is critical for 
consistant head to head writing capability 


The inductive head throat height is determined by a lapping 
process which can have a large tolerance due to the bow that 
occurs in each row when it is cut form the wafer. 

If the poles are long such that A, becomes the limiting area, 


H, will be independent of Th. 


H, = Bs/uo (5.8) 
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Since A, = Woh, (gap width time gap height) H, per unit width 
is inversely proportional CO. Or Lhe "throat height". 


~~ 


7 
he 


ez — os JZ (5.7) 


Ks ff 
Throat height control from /Read to head is critical for 
consistant head to head writz 


The inductive head thpoat height is determined by a lapping 
process which can have A large tolerance due to the bow that 
occurs in each row when it is cut form the wafer. 


y, we 
If the poles are Jong such that A, becomes the limiting area, 
H, will be independent of h,. 


f 


Va 
i = Bs/e (5.8) 


Advanced Channel Integration -- Roy A. Jensen 


DASD Magnetic Channel Design -- The Recording Head Field Page Page 5.5 


eerie 


5.3 THE RECORDING HEAD FRINGE FIELD 


It is the fringe field at the air gap that enters the media 
and magnetizes the media in the write or record mode. 


It is also the fringe field that shows the sensitivity of the 
the head to the media magnetization in the read mode. 


At any point in space below the head the magnitude of H can be 
separated into x and y components. Hx(x,y) and Hy(x,y). 


For longitudinal recording Hx is of prime importance. 


For a ring head (infinite pole tip lengths) 


(5.9) 


This is knowfias the Karlquist expression. 
Where 

H, is the gap field as in (5.4) 

g is the gap length 


X = O in the center line of the gap 


I 


4 O at the end of the gap 


It is used extensively in the literature and in texts for the 
head field for a head with very long poles such as a ferrite 
head. 


It is good for values of y 2 9/2. 
The expression for a head with finite pole tips, such as a 
film head, includes the Karlquist expression plus expressions 


for each of the pole tips. We will look at this later. 


The Karlquist expression for Hy(x,y) is 


(G72 Sox) Sy (5.10) 


H eae | 
y(X,y) nf 125 ae oe ee 
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Hx(x) for constant values of y is shown below. As y increases 
Hx(x) spreads out and loses amplitude. 


KARLQUIST HORIZONTAL HEAD FIELD 


Hx NOMALIZED TO Hg, x & y TO g/2 


x/(9/ ay 


om 
ra 1) 


The magnitude of Hx along the y axis is found from (5.9) with 
xX = O. 


2 
Hx(x=0) = 


-tan-* (—) (5.11) 
MAGNITUDE OF Hx ON CENTER LINE OF GAP 


By this equation the 
peak value increases, 
as y goes to O, to the 
value of H, right at 
the beginning of the 
gap and then has a 
constant value of 4H, 
within the gap. 


€— KARLQUIST 


\ 


Hx/Hg 


END OF GAP -—> 


In reality there is a 
smooth transition with 
the value not reaching 
H, until some distance 
within the gap. 


~]| 0 1 2 3 


y/g NORMALIZED DISTANCE BELOW HEAD 


exensceestensataannutaeenmentngranmntyspetaetetansttnantpuneraeeetnancamnanagaitemennietentir anette eet ee ee eA NTARE ER AECL AR ERIN COELIAC EON NCTE AN ECLONTLE ACCA COTTA a AECL CCC CC CC CLO LDC Cn ee 
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The locus of points for which Hx is constant is found from 
equation (5.9) and letting Hx be a constant value. 


2 
g THX g THX 
x? + - =*Cot = |=-Cot(—— + 2)? 5.12 
E 5 ( H ] E ( Hi, 1 (g/2) 2 ( ) 
This is the equation of a circle UZ > 
with center at 
g THX 
x= 0, y= —-Cot(—) 
Z Hg 
and radius of 
g THX 
—*(1 + Cot? (——) )”* 


2 


3 


Constant Field Contours 


Contours of constant H are a family of circles with their 
centers on the bisector of the gap and all touching the 
conners of the gap. 


The equation starts to break down as y becomes less than g/2Z. 
The result is that the contours do not all converge on the 
corners but will enter the poles”) slightly away from the 
conners. The gap corners will saturate. 


All things considered, the Karlquist field expressions are 
pretty good even to values below y = g/2. The inaccuracies 
are deviations form the circular, constant Hx contours near 
the head and the smooth transition of the peaK value to the 
magnitude :of :H,. 2 
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5.4 EFFICENCY LOSSES FOR NARROW TRACK HEADS 
Equation (5.5, 6 and 7) assume that the head is much wider than 
throat height. Therefore all of the fringe field is in the _ y 
direction. 


For very narrow heads this assumption is not true. 


There is significant flux at the sides of the head as well as 
in the sloped region of the head. 


Arnoldussen presents a detailed reluctance model including 


these losses. 
AT SATURATION {7 
FLUX ENTERING = oy 


Rt PER UNIT \ 
WIDTH jj OSS 
j Ws | 
T_T YOKE MATERIAL 


PLATED NIFE 
Bs = 9900 GAUSS 
A= 2500 


B, = 42Z000GAUSS 


OLE TIP MATERIAL 
= 45CO 
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PROBLEMS 


Problem 6.1 


A ring head is made from a material with pu. = 1000 and 4mMs = 
10,000 Gauss. It has a gap of .5 microns and the gap has a 
rectangular area of 10 microns (width) by 2 micons (height or 
throat). The core of the head has a cross sectional area of 
80 microns”? and a length of 250 microns. 


a. Find the head effeciency e. 6.5) 


b. What is the maximum field that can be obtained in the gap? 
| Ha = [0,oco> Aims oe 
c. If the head has 15 turns, what current is required to 
obtain the maximum field in the gap? 7 a 
Wa-+ 10,060 ND aly 2 4 lo Ah, ee 18 = _ esa 
d. Make a plot of the x component of the gap field for a 
distance up to 1 micron below the gap. : Gl pg Se 
7 


nt Hy, 
Poa “sy, 
” 


Problem(5.2 


If the head of problem 1 is a thin film head, like shown on 
page 5.3 and the thickness of the sloped region is lu, : 


a. What is the maximum Hg? 


b. What can you say about the current required to just obtain 
the maximum Hg? 


Problem 53 
Sketch the Karlquist Hy(x,y) as a function of x for several 


values of y. (A figure similar to that for Hx(x,y) on page 
5.4) 


Problem §.4) 


Prove the last statement of Page 5.4 


Problem 5.5 


Derive equation (5.12) from (5.9). (Only for the mathadextrous. ) 
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6. THE WRITING PROCESS 
6.1 OVERVIEW 


The purpose of the writing process is to create a series of 
magnetic bars of alternating polarity in a hard magnetic 
medium of lengths varying in agreement with an input data 
stream. 


The criteria for good magnetic writing is three fold. 


1. To generate sharp well defined transitions between the 
magnetized regions, _ 


2. To space the transitions proportionally with the write 
clock intervals and 


3. To magnetize the media between the transitions to _ the 
maximum state, Mr, and there by erase the previously 
written state 


Failure to adequately meet these criteria will adversely 
impact the the linear density capability of the system, the 
accurate reproduction of the input bit spacing and the 
readback signal to noise ratio (SNR). 


Head/disk parameters that improve writeability will on the 
other hand also decrease SNR and density capability. 


Thus how well each of these criteria is met is an intentional 
compromise. We will examine this compromise later. 


In this section we will focus on the mechanics of the write 
process and how it affects the criteria for good writing. 


a ee Tn TnnanT nnn nnn nn Tannese mannan senesiananaannenesnenanenenseenaneanemnmetenmenenenenetnneeneeemesnmnmennnnmnmeenmanmnameaanmmenscauananaamaanenamummmunaamaamaaaaaaaaaes 
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There are several more or less independent effects that 
combine to determine ¥he¢ how well the 3 criteria are achieved. 
These effects are: 

1. The base transition length of the media mta,, 


Zz. The write head field gradient, and field strength, 


3. The thickness of the media, primarily in the case of 
particulate media, 


4. The distance moved during the switching time, 
5. The current rise time of the head 


6. The rise time of the flux to the input current. (Hy is 
complex and has a reactive component at high data rates.) 


7. The effect of demagnetization from the leading portion of 
the gap field on the trailing and writing portion of the 
gap field. 


8. The effect of the direction of the previous magnetization 
in the region being written 


9. The effect of demagnetization from the transitions just 
written. 


10. The effect of the direction, relative location and 
sharpness of previously written transition. 


ll. The effect of image charges within the head above the 
media. 


12. The write process is an iterative and interactive process. 


_s eerste eemnateenncanesctmeanantaneineceenteancsenenmastaeinanaieananainnatstesenni eases POLLO TL ALAA SCENE A CLEC CLL CL LCCC LLC CC CC A A 
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These factors in turn relate back to the magnetic, geometric 
and electrical parameters of the head and disk. 


There is, with only a few exceptions, no one for one 
relationships between the 3 levels of causes and effects. 


These factors are of varying importance. 
some have linear effects while others have nonlinear effects. 


To some extent each can be calculated but with varying degrees 


of approximations. 
4h i sv 


Historically effects 1 and 2 have been dominant and lead to a 
useful analytical result that combines easily with the read 
process. 

Aan wes of HEM 
Number 3 can be handled by an approximation. 

pin Ore? poaeD 
Number 4 is of minor significance. 

Cyc Case Tee ae 

Number 5 is manageable to some extent with higher voltage and 
current requirements. Inductance considerations will limit 
the number of turns at higher data rates. 


Number 6 is also manageable to some extent with higher voltage 
and current. The delay is due to eddy currents in the head 
material and may ultimately required laminated structures. 


Numbers 7 - 11 will cause the transition to be shifted and can 
have major effects on overwrite and peak shift in the case of 
small gap heads and thin film media. Some degree of 
calculation is possible EOr each of these effects. 


The effects of numbers 1 - 7 are constant for each transition. 


Numbers 8 - 11 are random and must be considered from a 
statistical or worst case stand point. 


Number LZ makes all closed calculations at the best 
approximations. There are what are called self-consistent 
models for more accurate calculations but these are slow and 
computer intensive. 


We will primarily focus our attention of numbers 1, 2 and 3. 
with some discussion of the others. 


There are some good coverages of the several of the others in 
the references. 
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6.2 EFFECT OF WRITE HEAD FIELD ON THE TRANSITION 


We will first look at the head/disk/transtion relationship 
pictorily and then analytically. 


Consider a recoding media with this M-H loop. 


Mor inTe 
Tires Cee10“ 


For illustration purposes let us define additional values of 
H, the threshold field Ht and the saturation field Hs. 


Let the media be placed a distance d from a recording head of 
gap g with a gap field of H, in the -x direction and be moving 
to the right at a velocity v. 


Circles of constant Hx = Ht and Hx = Hs are shown. 


All of the media within the Hs circle will be switched in the 


Hx direction (-x) since within the circle Hx > Hs. Meola peisor IT? 
Spriv 
Assuming that the field has been on for some time, we can 


conclude that all media to the right of the gap will be 
magnetized in the -x direction. 
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Let the field instantly switch to the +x direction. 


aa Pole 


asf at | v --> 
Transition Region 


Leen ns fev SUA 
The media in the Hs circle will be magnetized in the’ “Hrgglzatiod 
direction. 


The media to the right of the Ht circle will remain magnetized 
in the -x direction and the media between the circles will be 
partially reversed depending on the proximity to the Hs and Ht 
circles. 


This area will be a transition region. 
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This can be visualized from a plot of the Karlquist function 
Hx(x,y) and the M-H loop of the media as shown in Figure 6.1 


HEAD/DISK WRITING INTERACTION 


M-H Loop «=S 
M vs Hx(x,y) 


KARLQUIST 
HEAD FIELD Hx(x,y) 


RAJ 1/90 


Figure 6.1 


The steeper either the head field function (large dHx/dx or 
gradient) or the M-H curve (S* nearly = 1) is, the smaller the 
transition length will be. 


The effect of the head field gradient is to cause the 
transition length to be greater than the minimum value of 
equation (4.11), 2°Mr-t/Hc. 


We will discuss a numerical expression that combines both the 
head field gradient and the demagnetizing effects in the next 
section. 


eee TTT TTeEnnannnnns nen nnn orem mnnmenmeemenememneeeeemneneetenenetaeeaenmennammnenaiannenmenenenmanmenmucannnmmenenmammaamumaaaamaaaaaaaaaaias 
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The transition can be plotted as Mx vs x as shown in Figure 
6.2 


TRANSITION PROJECTION 


M = w-H Loop’ «=FS XS 
M vs Hx(x,y) 


TRANSITION 
Mvs x 


KARLQUIST 
HEAD FIELD Hx(x,y) 


RAJ 1/90] 


Figure 6.2 


Since the Karlquist function is an arctangent function and the 
M-H curve iS approximately av arctangent function, the 
transition will also be an arctangent function as we assumed 
before. 
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Analytically, we can first look at a simple expression that 
relates Hs - Ht to Hc and S* as shown below. 


Ht = Hc - ke(He - Hl), 


Hs He + (He - Ht) 
It follows that 


Hs - Ht = 2-¢k*Hce(1 -S*) 


(Hs — Ht) FOR a = 2 ——> 


where k can be selected 
to have Ht and Hs as 
close to -Mr and +Mr as 
desired. For kK = 2 
5" 
Hs - Ht = 4*Hc(8*=T) 


H VALUES /He 


As seen Hs - Ht is highly 


05 0.7 09 - [.o 1.1 
dependent on S*. 


COERSVE SQUARENESS *S Ss 
The length of the transition region at any y, position could 
be determined from the constant contour from of the Karlquist 


equation (5.7) as the difference between x values evaluated at 
Hx = Hs and Hx = Ht. 


2 2 
1 H.g 1 H,9 
2 + eas cs 8 Fe pared Sia ser Mer ah ibe see ea + ? - 5 ° 7 
- E Z en E a (9/2) ( 


Lt = x(Hs) - x(Ht) 


From Figure 6.2 the derivative of the Karlquist expression 
Hx(x,y=yl), equaition (5.9), at Hx = He can be written as 


dHx (x, y=yl) WS Ae Zee d = S*) ; 
dx : . 


H=He Lt ithe 


or 


2¢k+Hc(1 - S*) 


Lt = 
dHx/dx|,-ne 


dHx/dx is the gradient of the head field at y, and at Hx = Hc 
of the media. Thus the larger the head field gradient the 
shorter the transition. ° 
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6.3 EFFECTIVE FLYING HEIGHT 


The transition as shown in Figure 6.2 is for only one value of 
Y. 


For thin film media where the media thickness t is small 
compared to g/2 this is a good approximation. 


For the 3390 g/2, d and t are all close to 250 nano-meters 


(nm). A\@ picbow Int 


t for a film disk where g/2 and d are 250 nm would be about 25 


Thin Film Media 


Particulate Media 


The additional thickness of the particulate disk adds to the 
transition width in a complex manner since level farther from 
the head contribute less to the signal both amplitude and 
resolution wise. 


The effect of disk thickness can be taken into account in an 
approximate manner by replacing the flying height d with an 


effective flying height d,,, where d,;,; is the geometricgh mean 
of d and t. 


d.-- = Yd- + ¢t (6.1) 


We will use d,,, as the y value in the following analyses. 


<encaenteteutanetnineamanteneneaeueinmatensnaeapanreesenennnaaeaaneaanstnemnastaraiaasenneditnaneantenianamanyptceanatbatn acne decanceypeaesngemptsanncpninncitstitentettetatt eee eA eae TET PE CNET tt TEC CEN ELENA LOTS LLC CTL CCEA DOOD TCO LLL LA ADL ODL A 
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6.4 APPROXIMATE EXPRESSIONS FOR THE TRANSITION PARAMETER 


The transition as constructed in Figure 6.2 can be expressed 
as mor 
cen Uh pecan (2A 


Mx(x) = M(Hx(x,y)) 
Puintio oF KEPO aaey 


The gradient of the magnetization in the region of the 
transition is 


aMx _ dM(Hx) dHx 


ax dHx dx 
QPpes\r 


(6.2) 


To take into account the demagnetizing field in the medium 
equation (6.2) can be written as 


dMx _ dM(H, ) dH, 


(6.3) 
ax dH, dx 
where H, is the total H field and 
b 
om 
GH, _ dix | did or (6.4) 
dx dx dx pe" aw 


A complete solution to these differential equations requires 
iterative numerical methods’ since dHd/dx is proportional to 
aMx/dx. 


Williams and Comstock present a detailed discussion and 
derivation for the transition parameter including both 
demagnetization and the head field and assuming an arctangent 
transition. An approximation to their complicated expressions 
that valid over a wide range of parameter values is. 


‘ Mreted 4 
M eted re ° 7 
a = a1. PEE or 1.5. |e (6.5) 
He THe 
CGS units MKS units 
oe He 
yo opt 
are ge 
in contrast to equation (4.11) (Ww oF 
Aly 
2eMret 
a. 2a. = = (CGS) (6.6) 
HG 


Where only the demagnetizing field is included. 
Equations (6.5) and (6.6) can both represent the the 
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transition parameter depending on the value of 4nMr/Hc. CGS 


Fuk inl MepiA 


In order to see this we can plot a and a, each normalized to 


the medium thickness t vs 4mMr/Hc. We have 


= and 
Hc Hc 27 Hc 


*4 +5 
a Nr Ge ey 3.1 |47°Mr d.,, 
eee poner 3.1. eovommpeemcammnnnns GP enrmnnanmmneniemccaneenmnes eee | ed VS 
t ne -< 2N 1 He t 


Equation (6.7) is plotted for a discrete range of 
of 1, J10 and 10 in Figure 6.3 


TRANSITION PARAMETER 


NORMALIZED TO MEDIUM THICKNESS 


DEMAGNETIZATION 
DOMINATED a 
100 
HEAD FIELD 
ad 
S 10 DOMINATED a 
1 
10 100 1000 


4nMr/He 


Figure 6.3 


For large 4mMr/Hc the demagnetizing field will be 


4n°¢Mr 


= (6.7) 


d/t values 


Qe{k 


deff /t 
10 


3.1 
1 


ae 


large and 


will dominate the transition parameter. For smaller values of 


4mMr/He the head field gradient is dominant. 
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6.5 NUMERICAL EXAMPLES OF TRANSITION PARAMETERS 


The numerical value of the transition parameter, a, is 
important in the read process since, as we will later see, it 
is added directly to d,,, in determining the readback signal. 


Let’s calculate the transition parameter for two cases, 
PALTV Ce) 
1. The recently announced 3390 and 


2. a hypothetical thin film disk with a head similar to 
that of the 3390. 


The pertinent data and resulting calculations are shown in 
Figure 6.4 and the values for 4mMr/Hc and d,,,;/t are marked on 
the graph (repeated from Figure 6.3). 


For both cases the magnitude of a is in the range dominated by 


the head field. This is in general the case for DASD 
applications : 


TRANSITION PARAMETER 


NORMALIZED TO MEDIUM THICKNESS 


DEMAGNETIZATION Ps 
DOMINATED a deff /t 


ee 10 
100 oe 3.1 
“a 1 
3390 FILM 
HEAD FIELD 
a 10 DOMINATED a 
te) 
a Mr EMU/cc 
t pin 9 
5 He Oe 
dyin 
| deff 
deff /t 
4nMr/He 
a 4 
a/t 
10 100 1000 RAJ 1/90 
4nMr/He 
Figure 6.4 
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The calculation for a follows from equations (6.1) & (6.5). 


d.-- = Vd-(d + ty (6.1) 
| 1 
Mreted : 
a= a2. [PEeesee| (6.8) 
He 


There are several dimensions used for a, t and da viz. 
microns, microinches and nanometers. From this point on I am 
going to standardize on nanometers (nm) but will in some cases 
will give others in parentheses. 


Where t 
is in Oe, 


and y = d,;; are both in win, Mr is in EMU/cc and He 
(6.5) can be written as 


= 6.9 
a fic ( ) 
Where t and y = d.,;;, are both in nm (nanometers), (6.5) is. 
Mret-d 2 
Y oe e 
a. = a2. [BE EeSeee nm (6.10) 
Hc 


For the 3390 case 


Gog, = (9.50925 + O))* = (175.75)? = 13.26 Pin “or 337 nm. 
7 we 0) 
90+*9+13.26 34 0nr Oe 
a = 79+ |—————_—_| = 400 nm 
420 
For the film disk case 
d.-- = 8.4 win or 213 nm and 
4s an om °° 
2 
500+2+8.4 Cqg-7"S 
a= 79° = 270 nm 
650 


If Hc for the film disk were increased to 1200 Oe a would be 


200 nm. 


Note that a, 


Advanced Channel Integration - 


is comparable in magnitude to d,--. 
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6.6 THE EFFECTS OF MEDIUM MOTION AND HEAD DELAYS 


When the writing current Switches polarity the head 
magnetizing field, Hx(x,y) will reverse. 


The inductive nature of the head will result in some finite 


current rise time and a finite time for Hx to go from +Hs to 
-Hs. 


The problem can be visualized by drawing the Hs contour for a 
head moving right to left passed a medium as the field 


reverses. 
g 
7 Poy” 
Medium 
. ee a 2 5 Oey oe 1 


The medium to right of line 1 is magnetized in the + M 
direction since all of it was subject to a field of +Hs or 
greater. : 


The medium to the left of line 2 is magnetized in the - M 
direction since all of it was subject to a field of -Hs. 


The medium between lines 1 and 2 is of uncertain 
magnetization. 


The presence of such uncontrolled regions can introduce noise, 
distort the transition or even contain another transitiong if 
long enough. 


The minimum condition required to not have such regions is 
that the +Hs and -Hs contours intersect at the bottom of the 
medium as shown. 


This condition lends itself to Head 

a rigorous solution but an 

approximate solution is much 

simpler and provides the a 
Medium 


required insight and boundary 
conditions. 


<P> 
| 
} 
ae poe 
ds Line's 


The distance moved during the 


switching time must be less af ; dh 
than ds. And ds = g. Thus Gap Center ase SAC! 
Lines cael a. 
g < vets or Cs 4 0/V 


Where v is the velocity and ts is the switching time which is 
the time for the field to switch from +Hs to -Hs. 


Advanced Channel Integration -- Roy A. Jensen 


DASD Magnetic Channel Design -- The Writing Process Page 6.15 


nw 
For the 3390 the OD velocity is about 57 m/s-57 mn/ns and g is 
550 nm. Thus 


e 
wh TM 
ts < 550/57 = 9.6 ns gars 


This is about the rise time of the 3390 write current: 
however, since for the 3390 and in general the switching range 
of H is greater than -Hs to +Hs and in addition the current 
drives the head into saturation, ts is less than the current 


rise time. Thus there is no detrimental effect due to rise 
time or medium motion. 


5 wrens oA 


a 10 TO 90% Amp 


C 
\ 
seg 
VON [| 
~—Hs 
7 a aww’ hr 


6.7 THE EFFECT OF DEMAGNETIZATION FROM THE LEADING EDGE OF THE GAP (oscen( 


HEAD SATURATION 


The field at any point in the medium is the sum of all of the 
fields at that point. 


Up to now we have considered the head field and the 
demagnetizing field generated by the transition being 
written. 


There will also be fields due neighboring transitions. 
These fields will be weaker than those from the head and _ the 
transition being written but their contribution will shift the 


position of the Hs point resulting in the transition being 
written early or late. 
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The closest transition is the one associated with the leading 
edge of the head gap. However, if the medium was previously 
magnetized in the direction to which the head field just 
Switched, there is no transition there. 


This is illustrated in the example below from Roscomp. 


Figure 6.5 


In (a) the medium magnetization entering the Hs circle is in 
the same direction as Hs. 


In (b), right after Hs reverses, Hd from the leading 
transition opposes the head field. Thus the Hs value shifts 
closer to the gap. 


In (c) the medium magnetization entering the Hs circle is in 
the opposite direction of Hs. 


In (dad), right as Hs reverses, there can be some effect from 
the leading transition as it is reversed. This effect in the 
Same direction as the new field and thus shifts the trailing 
transition way from the gap. The magnitude of Hd from the 
leading edge of the gap can be calculated from equation (4.9). 
It is, however, more instructive to use the associated figure 
on page 4.7. 
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Let us calculate the values of‘from the leading edge of the 
gap Hd for the 3390 and the previous film disk cases. 


The figure on page 4.7 is repeated here but with the values 
for a/K of 1.7 and 5.4 corresponding to those for the 3390 and 
the film disk example. 


DEMAGNETIZING FIELD, EXAMPLES 


NOMALIZED TO Mr AND t 


1 0.98 ——> Hd = 88 Oe 


0.8 390, a/t = 1.75 


g/t = 2.4 pur 


Hd(x,y=0)/Mr 
(o] 
a 


FILM, a/t = 5.4 
0.29 ——> Hd = 145 Oe 


0.2 


g/t = 11 
0.1 


0 2 4 6 8 10 12 14 
x /t 


x/t becomes g/t and is 2.4 and 11 for the 3390 and film disk 
cases respectively. 


Hd/Mr is greater for the thicker disk by .98/.29 = 3.4 times 
but since Mr of the film disk is 500/90 = 5.6 times greater 
than Mr of the particulate disk, Hd of the film disk is 145/88 
= 1.7 times greater. 


The values of Hd from the leading edge of the gap are not 
insignificant compared to Hc or Hs. 


The value of the shift can be obtained form the Karlquist 
expression. Larger head field gradient will yield less shift 
for the same Hd. 


Must Switte Wo+ \\ 4 —_ = Good ove EW ITE 
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6.8 DEMAGNETIZATION FROM PREVIOUSLY AND JUST WRITTEN TRANSITIONS 


In addition to the transition at the leading edge of the gap, 
the demagnetizing field from other transitions can also cause 
shifting of the transition being written. 


For example the contribution of demagnetizing field from a 
string of n just written transitions at a constant spacing of 
x, would be found by superposition of equation (4.9) 


Hd = Hx(x,) - Hx(2°x,) + Hx(3°x,) @ ... +Hx(nex, ) 
LESS SomAcaAcT 


If the spacing (and phasing) of the transitions entering the 
write zone is know, a Similar expression can be written. 


Making such calculations requires a complex model and is only 
if interest for special studies and to gain insight. 


The effect of previously and just written transitions is less 
than that of the leading edge of the gap since in general x,is 
greater than g. 


Shifts due to these transitions can be of significance, 
especially at high linear density in film medium of high Mret. 
As weekeme Hd increases with both Mr and t. WANT low Mr-t 


U NEMATELY  (T Gi) Low Ampeimvol 


These shifts are of a nonlinear nature and can be a source of 
detection errors. 
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6.9 THE EFFECT OF HEAD PRESENCE ON DEMAGNETIZATION 


The discussion of demagnetizing fields is not complete without 
considering the effect of the presence of a high u material 
very close to the medium surface. I.e. the recording head. 


The head provides a parallel low reluctance path for the 
demagnetizing fields from within the medium. 


The effect is to decrease the total demagnetizing field at the 
location of the transition being written. 


Thus the shifts will be less than predicted by the 
considerations above but will still be of consequence. 


It can also be shown that the transition length due to self 
demagnetization will be less when the head is present. 


The effect of the head can be handled analytically by assuming 
the head is a magnetic ground plane with image charges. 


A complete write model must include the effect of the image 
charges. 


This is illustrated in Figure 3 from Bloomberg shown here and 
in Figure 4 from Roscamp shown in the next section (6.8). 


Image emcatennememcne 


No Image — — == = 


2 1.72 

e 0.23 

: squareness # .75 
: squareness « 9 


Fig. 3 Variation of H.., with gap length, for given 


reduced coercivity and applied field. Analyti- 
cal model gives solid and dashed lines; dis- 
crete points are from self-consistent calcula- 
tion. In an actual bubble, Hid is always 


positive. Model is always conservative, 
closely approaching actual bubble near onset 
of saturation. 
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6.10 DEMAGNETIZATION AND OVERWRITE 


Overwrite is a measurement of how well a previously written 
pattern is erased by a new pattern. 


Experiment, as well as analysis, shows that the poorest 
overwrite is for the highest data frequency written over the 
lowest data frequency. 


The overwrite measurement is the ratio of the amplitude of the 
readback signal of the low frequency when originally recorded 
to that after it is recorded over by the high frequency. 


The measurement is made with a spectrum analyzer and expressed 
in dB. A high absolute value is goodness. 


Minimum acceptable overwrite will be a function of the 
relative magnitude of other error sources for a particular 
product. 


The minimum acceptable value or spec is in the. neighborhood 
Of 25 dB: 


Overwrite can result from intTadequate saturation of the medium 
and from track misregistration between successive read and 
write operation. These are not the primary sources. 


The primary cause of the presence of the low frequency after 
being written over is amplitude and frequency modulation 
resulting form the position shifts of the new transitions 
caused by the previously recorded pattern and the leading edge 


of the gap. 

a 

Pe 4 (Lite of HieA Te Cov FLEQENC/ 

Zs 
7 7 ae \ co 
ft 
prt L 
So 
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To see this consider three full cycles of 2,7 code low frequency 
with high frequency overwritten. 


Applying the process shown in Figure 6.5, the transitions of the 
high frequency are shifted left or write of the ideal location. 


WRIT ent 
Te 
aaa 6 ee OENtY 
bob RoR bo R Ro bo R R bo bo R bob R 
poe _ > as Ps al only < 
ne en 
sa : Figure 6.6 


The actual shifts will not be as large as shown in Figure 6.6nor 
will they all be equal. 


The Fourier transform of the resulting readback signal has a 
Significant component of the low frequency as well as sum and 


difference components. 


The magnitude of this low frequency component is the residual low 
frequency of the overwrite measurement. 


The contribution to overwrite 


from the amplitude and 
frequency (timing) effects of 
the transitions shifts is 


shown in Figure 4 of Roscamp 
also shown here. 


Also note the effect if the 
image charges in the head are 


~~ Timing Only 

-~+ Amplitude Only 

neglected. -2 Timing & Amplitude 
-~e W/O Images < Hattes 


Calculated Overwrite (-db) 


The transition shifts and the 15 17 6 
low frequency component will Hx/He 
. Figure 4 Calculated overwrite vs. maximum applied 
decrease as the oop DLS as Field at the medium considering a) only” timing 
(lower Hd) and as the head — asymmetry; b) only amplitude modulation; c) both; d) 
; , ‘ ithout 1 ch Ss. 
field and head field gradient “0 mage “harge 


increase. 


ac 2.3 2.5 
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6.11 WRITE FACTOR 


Write factor, Kw, is defined as the ratio of the head field at 
the—bottenm ofthe -medta to the coercivity. 


Ore 
The head field in the medium must also include the 


demagnetizing fields. lve. the maximum Hd should be 
subtracted from the head field. 


de 
Hx (0, y=theb) - Hd Nols 


= c 
Kw = he (6.11) 


Sometimes the total Hd is added to the coercivity. 


J ece 
Hx(O, yoo 


Kw = ———_——_— 6.12 
- Hc + Hd ( 


Kw is of value for comparing the write conditions for 
different head geometries, flying heights and disk parameters. 


Hs as earlier defined was for illustration purposes. The 
write factor is of more practical value. 


In spite of all of the analysis of earlier sections overwrite 
as a function of write factor is usually determined 
experimentally. 


The relationship of Kw to overwrite will depend on a number of 
factors such as S*, total demagnetizing field etc. 


Typically the minimum elie 
required write factor is 
2.5 or greater. (Fim) 


(c) 


The effect of increasing 
head field on the 
amplitude and timing 
effects of poor overwrite 
are shown in Figure 2 of 
Roscamp also shown here. 


Playback Voltage (jv) 


-60 -40 .20 0 20 40 60 


+ ipl Ale othel erroms Time (nsec) 
_ (a) Hx=1.6*He (b) Hx=2.0*°Hc (c) Hx=2.5*He 


Figure 2 Isolated readback waveforms for initially 
positively and negatively d.c. erased media for 
maximum values of the head fleld at the medium of a) 
1.6*Hc, b) 2.0*Hc and c) 2.5*Hc. 


i tle Evyinib HEleHT 
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PROBLEMS 
Problem 6.1 
stating with the equations for Hs and Ht derive the expression 
for Hs - Ht on shown page 6.8. 
Problem 6.2 


For the 3390 and film disk examples of Figure 6.4 work out the 
values for d,,;;, and a for the given values of Hc, t and d. 


Problem 6.3 
For the 3390 and film disk examples of Figure 6.4 work out the 
values of the demagnetizing field form the the leading edge of 
the gap. 
Problem 6.4 
What is the write factor at the ID for the 3390 

a. ignoring the gap demagnetizing field. 


b. including the gap demagnetizing field. 
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7. THE READ PROCESS 
7.1 OVERVIEW 


The objective of the readback process is to reproduce the 
write current wave form. 


This is a two part process: 


1. The readback process where a signal is produced from the 
transitions in the medium and 


z. The detection process where the readback signal is 
transformed in to a binary train of clocked data. 


The detection process is required because the readback signal 
1. The derivative of the write current. Each transition of 
the write current produces a pulse on readback. 


2. It is analog with a large range of pulse amplitudes due 
to resolution losses and has no DC content. 


3. The timing of the readback pulses is unknown and 
variable. Thus it must produce its own clock. 


4. The readback Signal also contains noise and 
interferences. 


While the write process is complex and nonlinear, the read 
process is relatively straight forward and linear. 


In this chapter we concentrate on the first step, producing a 
Signal from the transitions in the medium. 


The field from the transitions is picked up by the reading 
head and transduced to an output voltage. 
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Calculating the fields from the medium that are picked up by 
the head is, however, not an easy task. The figure below 
shows the fields in a head from two transitions. 


Coll 
Ne, yon 
TT 
oo 


Nee . $yeld lines if er 


B > —_— A ad Wwotre erbse rt Ar eloc ty 


yal 
wo” 
S -~Yy-~ Te S 


The field in an long solid slab of high uw material very close 
to the medium can be calculated without too much difficulty. 


The problem is in handling the gap and pole tips with finite 
and varying shapes. 


A means of overcoming these difficulties is by use of the 
reciprocity theorem. 


The idea behind the reciprocity theorem as applied to magnetic 
recording is that is equivalent to calculate the field from a 
head, when its coil is energized with current, at a point 
outside the head as to calculate the field inside the head due 


to a point charge of Qm = -del*M located at the point outside 
the head. 
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7.2 READBACK VOLTAGE CALCULATED WITH RECIPROCITY THEOREM 


Consider a head with an horizontal field below the gap of 
Hx(x,y) per unit of NeI 


Also consider a small volume element in the magnetic 
magnetized medium of dx by dy by W. 


vet can be called x’where x’ is referenced to the medium and 


is the shift of the element referenced to x = O. 
Xx = vet Where t in this case is time. 
m I 
Since = ————— = ———— = Js (See page 1.6) 


The volume element 


looks 
like 
dy Pa 
ax 
Thus Medx = Js-dx = I,,,., = Mx(x-x ,y)dx 4 Meoiv™ 
NM yrpres Them 
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The key to the application of reciprocity in this case is 
mutual inductance. 


Mutual inductance between es. ati 
two coils arises when some ee 
magnetic flux is common to 
two coils. 


In our case the two coils 


are the coil in the head J S 
and the coil in the medium : 
carrying the current Mx-dx. : 
Remember from chapter 5 on 
magnetic circuits dee 

gfowi 


NI a* voltage and ¢@ (flux) a current. A magnetic cyruit for the 
two coils and the common flux linkage is. 


ZBxdA . 
: , a 
=. \ l dA Head 4 Vv L 


= coil an $, i 


¢, = NI-y,HxdA ¢, = Mxdx+-yu, HxdA 
Wile _ READ ChLSO UD 
Since dA = Wed ~ \e 
$, = Uo -WeHx-Mx+dx-dy of te™ 


The flux in the head coil due to all of the volume elements is 
found by integrating over the total volume. 


0 fdtt 
GF eee. so | i dy Hx(x,y)°*Mx(x-x ,y) CTet) 
d 


— 00 


The readback voltage is d#/dt through each of N coil windings. 
Thus 


dé aqdé dx- dé 
V(x) — Ne — Ne es Neve— (7.2) 


dt dx° dt we 
yerowy 
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Combining equations (7.1) and (7.2) 


kW VIAN ° 
d j é wo Pd 
4 


KN aw} 
oo Ort Payee 


| re ee 
dM - Pe “ 
V(x) = Nev-Wep, |dx |dy Hx (x, ¥) cor (7.3) 


Aris © ts 
Corvetxret Facto 
ENO GP wim yours 
dM/dx° is the one dimensional divergence of M and only has a 
nonzero value in the vicinity of a transition. (See page 
4.3.) 


This is a convolution integral and is in MKS units. 


In CGS units las 


eo ate 
V(x) = 4m-NeveWelO°? |dx jdy Hx(x,y)> 


ro 


-o ¥q Ie 4 
| My 


_——. IS onuet oF 


dx  — InTeSt iJ 


Where V is in Volts, M in EMU/cc and distances in cm. TAN Not ek 
The y integration is * to evaluating Hx and M at y = du-e-. 

Mx and Hx can now be any function we please. Mx can be a 

step, a ramp, an arctangent or even sinusoidal. Hx can be 


from any shaped head for which thy can be determined. 
x 


If Hx is the Karlquist arctangent function and Mx is also 
assumed to have an arctangent form, it can be shown that 


evaluating the convolution integral is equivalent to 
evaluating Hx at 


Y So. = Gage a (7.5) 
Thus the readback pulse can be found directly form the head 
sensitivity function. 


This process leads to 


V(x) = 81-107? *NeveWeMr-et*Hx(x, Yo ) C726) 
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The Hg/t coefficient of the the Karlquist expression will be, 
from equation, (5.4) e/gt since the NI factors are already in 
equation (7.6). Hy = NI 9 


—€ FACIIWC/ 
V(x) for a single transition and will be an isolated pulse. 


The readback process is linear and consequently the pulse 
train from a number of transition at various spacings can be 
created by superposition of the isolated pulse. 


Superposition will be valid until densities are reached where 
the nonlinear transition shifts in the write process become a 
factor. 


We will discuss this further in the section on equalization. 


The peak amplitude for a Karlquist head is found from (7.6) 
with x = O. 


2 Z 
Setaaed (344) 
1g 


.@) 


8T1°10° 2 «-NeveWeMrete 


Vb-p 


Z 
16+10°8 +NeveWeMret+-tan* (2) (7.7) 


@) 


Vb-p 


It is useful to define what is sometimes referred to as head 
sensitivity i.e. V(x)/W or the output voltage per micron of 
track width. 


I would rather call this pulse sensitivity (Ps) since V/W or 
Ps is only partly dependent on the head. Equation (7.7) can 


be written as INCW0d GAP, Furine HdleHT, VELeci Ty 
Vb- 
Ps = — = : (tame? Ep) Y) v) + (Mr+t) +16+10-8 (7.8) 
HEAD yen real DISK pcoweme & INDUCTIVE 
He hos 

As can be seen Ps is a function of head, disk and what I 
called system parameters. The arctangent factor contains 
parameters from all three, viz. g from the head, Mr, t and Hc 


from the disk and d which is system. 
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In summary the parameters are: 
Head: 
head gap 


Z Q 


number of turns 
e head efficieny 
W head width 


Mr remanent magnetization 
t thickness 
He coercivity 
system: 
vmeduim velocity 


d head to medium spacing 
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PROBLEMS 
Problem 7.1 


The expression for the b-p output voltage, (7.7) has the value of 
the read gap in several places viz. 


e/grtan* (2) 


12) 


where « is of the form 


_i es 
1+ k/g ~ a+ k 


In order to see the sensitivity of the readback voltage to g plot 


the following as functions of g for g= .1, .2, ... 1 microns. 
1 Z 
Shan tt) 
g Yo 


1 Z 
e°—etan ? (34) 
g Q 


for yo. = 600 nm and « = .85 when g = .6 uy. Finp K 


Problem 7.2 


Calculate the readback voltage for the 3390 assuming: N = 31, v= 
31 m/s, W = 8 microns, Mr = 90 EMU/cc, t = d= 9 win and g = .55 
u, Hc = 420 Oe. and e is as in problem 7.1. 
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8. THE THIN FILM HEAD 
8.1 THIN FILM HEAD & DISK PARAMETERS 


The figures on pages 5.3 and 5.8 show the structure of the 
core and pole tips of a typical thin film head. The figure 
below shows the key dimensions and magnetic parameters that 
we will use for functions involving the thin film head. 


HEAD Th 


MEDIA Hc, Mr 


Figure 7.1 


One of the primary difference between the thin film and 
ferrite head is that the thin film head has finite pole tips 
where as the ferrite head head has, for all practical 
purposes, semi-infinite pole tips. 


8.2 THE SZCZECK FIELD EXPRESSIONS FOR THE FINITE POLE TIP HEAD 
The Karlquist expression matches the ferrite head. 


The field function for the thin film head is a superpostion of 


the Karlquist expression for the gap plus expressions for the 
pole tips. 


The pole tip expressions were worked out by Ted Szczeck by a 
combination of theoretical and £mperical methods. The 
imperical methodes involved measuring fields around large 
scale head models. 
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The pole tip expressions are quite long as shown below. 


KARLQUIST TERM 


/2+% /2-x 
g g | 


q 
Hx(x,y) = Z [ata —) + Atanf{ (Remember, Hg per unit NI in read mode is ¢/g) 
T 


S42CZECK POLE TIP TERMS 


59egeHgey ] , ] 
21 y7+(Pytg/2-x)? =—s-y?#(P+g/2-x)? 
, GiOE (x-g/2)?-y’ f P,+g/2-x T (P,+g-2x) *y . y°(x-g/2) PS" 
——__—___———_ | Atan(—__) - - [| - [————_______________ lh [——____—___ 
4q [(x-g/2)?+y?}? y 2 [(x-g/2)?+y? ]ly?+(P,+g/2-x)?] [(x-g/2)?+y?]? y?+(P,+g/2-x)? 
; gHgP. (x-g/2)?-y? at P.+g/2-x 1 (P,+g-2x) ¢y ; ye (x-g/2) Pee 
—— = | ——__—___—_—___ | Atan( ——_) - - | - |[—————————______ —_—____—_——. 1h [—___—_____ 
47 [(x-g/2)?+y?]? Z [(x-g/2)?+y? ]ly?+(P,+g/2-x)? ] [(x-g/2)? ty? ]? y?+(P,+g/2-x)? 


Figure 7.2 shows the Karlquist gap function, the sum of the 
poletip functions and the total Szczeck finite pole tip head, 
field function. 


0.8 
0.7 POLE TIPS 
0.6 
0.5 GAP = .Gy 
POLES = .9y 
0.4 deff = 330 nm 
. a = 375 nm KARLQUIST 
0.3 
sv 
0.2 szezeck = Kate 


as pore? 


MICRONS 


Figure 7.2 


Note that the peak amplitude is essentially the Karlquist 
term. Consequentally one may use equation (7.7) for Vb-p with 
little error. 
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9. NOISE, SNR AND ERROR RATE 
9.1 NOISE AND INTERFERENCE 


Noise in the magndtic channel is caused by random processes in 
the: 


Na Electronics and circuits 
N, Heads 
Nd Media 
Interferences come from 
Old information 
Overwrite 
OI due to track misregistration (tmr) 
Intersymbol interferrence 
Adjacent track data 
stray magnetic fields 
Radio frequency interference (rfi) 
In this section we will focus on the noise characteristics of 


each of the sources, how they combine to yield a SNR and how 
this translates to an error rate. 
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9.2 SIGNAL TO NOISE RATIO (SNR) DEFINITIONS 


There are two definitions commonly used for SNR in disk 
magnetic recording. They are: 


rms hi frequency signal/rms noise and 
low frequency base to peak signal/rms noise. 


The first matches the classical signal power to noise power 
definition for SNR. 


The high frequency readback signal is approximately sinusoidal. 
This definition is useful for checking the potential error rate 
performace of a head and disk against a given density 
specification with a given detection system. 


However, it is not sufficient since it confounds’ signal 
amplitude and resolution. 


The second is better for individual component specification and 
development and system design purposes since it does not 
confound SNR and resolution as does the first. 


The required minimum resolution for various detection systems 
varies from 85% to below 50%. 


I will primarily use the second definition. 


Sien = 


SNE= Zo LOG \we a, 


Rms 7 Péepn -1 -PEAK 
N2 
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9.3 MAGNETIC CHANNEL NOISE CIRCUIT 


The disk, head and amplifier noises are best handled by 
suming them at the input to the first amplifier stage. 


This is generally a preamp located as close as possible to the 
head so as to minimize the pick up of interferences in the 
wirgfing to the head. 


The characteristics of a good preamp are to have low noise and 
a high enough gain so that the noise and interference pick up 


of subsequent stages is small compared to the amplified noise 
coming out of the preamp. 


A block diagram of the channel noise sources is shown below. 


AMP 
NOISE 
DISK HEAD Na AMPLIFIER 


SENSITIVITY 


SIGNAL & 
& LOW PASS 
NOISE FILTER 


E Noise = JNd?+ Nh?+ Na”? at the input to the amplifier RM 94) 


Signal 
SNR = ho (9.2) 


JNad?+ Nh?+ Na? 


Before going any further with this equation, let's examine 
each of the contributing noises, Nd, Nh and Na. 


X © S/EnAC 
Ny ren) SerSTiutty inCREASE, Se DOE> DIK Nose @ 
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9.4 JOHNSON OR THERMAL NOISE -- DOMINANT NOISE OF HEADS 


Any energy absorbing device has random noise associated with 
it. 


For this discussion the source of johnson noise is resistance. 


Noise equivalent ckt of Ris 


Noiseless R 


Noise voltage generator 


e, is the rms noise voltage = J4KTBR 


K = Boltzmann’s constant = 1.38 E-23 J/degree Kelvin 

T = temperature in degrees kelvin 

B = Bandwidth in Hz 

R = resistance value in Ohms 
Noise voltages add in rms fashion -- sources are uncorrelated. 
Cnt = J Cn 1 a — Fe Pa. oT Cn ay 


Johnson noise is Gaussian and white. 


I.e. peak amplitudes have gaussian distribution about the mean 
and the frequency response is flat. 
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9.5 HEAD NOISE 


Heads have various loss mechanisms which can be represented as 


resistors in an equivalent circuit. These all produce johnson 
noise. 


Winding resistance 


Eddy currents in metal, Ra Vf 
Domain wall damping 


Below resonance the head is resistive and inductive. 


#24 = R + jwh 


NI 
I ee 
— N¢é Gap + Coil Reluctances _ N? 
I il Gap + Coil Reluctances 
N? 
L = ; 
g oa core 


Mo Ac ap Mo WAcorn 


= length 
Gap length 
Area 


> Q ds 
| 


uw is complex = uw - jp" 


of 
Both w° and uw” are functions of frequency. Coes ELE IREASE 


N’A. ’ i 
L = Uo “== (p Mu") 
Reort 
Pow 
roar 
Lo is low frequencys value and decrease as frequency increases. 
; t 2 
R increases as frequency increases. x MeM Ni A oot 
ee 
Poth 
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The measured real and imaginary parts of Z of an inductive head. 


The L and R are calcualted from Re(Z) and Im(2). 
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9.6 AMPLIFIER NOISE 


Head and amplifier noise have to be considered together. 


Arm Electronics nee ot 
po ae 
rat ae 


HEAD TWISTED LEADS FLAT CABLE WRITE DRIVER 


PREAMPLIFIER 


Simple Equivalent circuit 


Vv, is the voltage equivalent noise source of the amplifier and 
is measure at the amplifier output, with the input shorted, 
as Aev, where A is the gain of the amplifier. 


i, is the current equivalent noise source of the amplifier and 
is measured at the output of the amplifier, with the input 
open but well shielded, as A-+|Z,,|*i, where |2,,| is the 
magnitude of the input impedare of the amplifier. 


Ly us UR Low 
Dota’ Contpabre Mul 
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Complete head/amplifier noise equivalent circuit. 


Amplifier 


L(f,N) 


| 


Typical Values 
v,/i, = 180 9 


Electronic Noise 


| R= 1k0 
Head Noise (Johnson) _ cons pF 
Ynn = N4kTB ReZ | : | — La = 40 nH 
Amplifier Noise ts Se R, = 19 
{) Voltage Equivalent Noise - ; Bs Co = 4 pF 
‘yn = V,NB |  r(1 MHz, 31) = 24.9 7 
2) Current Equivalent Noise a aaa 
Vin = igiZIWB a 
| C, = 5 pF 


Current equivalent noise is proportional to the magnitude of 
the parallel impedances at the input. The lowest impedance is 
generally the head impedance. 


Thus head resistance contributes to two noise sources, the 
head Johnson noise and the amplifier noise. 


Generally i, is small and only contributes at high data rates 


and/for high head resistance values or as the frequency 
approaches resonance. 


Na = Jv,7+ i,7°]2]7°B (9.3) 


Values for the 3380 amplifier are: 


1 nV/VHz 


< 
>} 
2 


_ # .02 nA/SHz 


Jue 
24 
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9.7 HEAD SNR AS FUNCTION OF NUMBER OF TURNS 


Since the head output voltage is proportional to the number of 


turns, the obvious way to increase output is to increase the 
number of turns, N, -- BUT -- there is a point of diminishing 
returns. 


First of all, as N increses the resonant frequency decrease 
which increases the head impedance and the noise due to the 
amplifier current equivalent noise source. 


At best SNR «a JN since Signal and resistance both increase 
with N and noise a JR. 


If the additional turns are longer than earlier turns the 
resistance will go up faster than the signal. 


In a thin film head the windings must at some point become 
smaller in cross section due to space constraints leading to a 
larger than linear increase in R with N. 


In a film head with a fixed coil area R actually goes up 
faster than N? and the SNR of head actually goes down as 
increases. 


= 
= 


In the best case 


laWN 


a N 


a 


R aN? and SNR would be constant. 
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As the winding width decreases the space between winding stays 
constant limited by the characteristics of the photoresist and 
etching and process. Thus 


a N’? and 


WO Sle 


a N’? 


Once the head noise becomes dominant there is no futher 
increase in over all SNR with increasing N. 


Going to a second or third coil layer increases the area and 
the amount of copper in the winding and decreases the noise 
for a given N. 

) | 
The first figure of page j)a shows how noise resistance, 
resonant frequency phase shift and amplitude vary with the 
niénper of head turns. . 


The jumps in the resonance and phase show the effect of going 
from a one to two layer winding. 
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9.8 DISK NOISE Me Mia MD REE 


boas STRICTME 
Whereas Johnson noise is igasponce nt of the voltage or signal 


across the source resistance, disk noise is proportional to 
the sigan) derived from the disk. 


This is because disk noise is the variation if’ signal due to 
inhomogeneity in the medium material i.e. variations in the 
Siganl due to macro variations in the magnetization or in the 
transition. -- No sigan}, no noise. 


Disk noise has a Gaussian distribution and is measured and 
expressed as rms. 


If two adjacent widths are added the siganls will add and 
increase proportional to the sum of the width while the noise 
will add rms and increase as the square root of the width. 


Thus disk noise is a YW and signal is « to W and 
is 
Disk SNR is a VW. S ~ Wi 


j 


ae es 


The noise mechanism in particulate and film disks is 5 ae 
imé 


PARTICULATE DISKS SNR ~ Bw deav sre (scare) 
Z~ NN 
Noise is amplitude variations due to macro variations of 
moment. Sources are: 


remeite trenos 

Se 
INDUCTAME & do H 
YesisTAnte = 10 Sf 


particle size and shape variations 
nonuniform dispersion 


resence of alumina 
P Nerhgowel TACKS GCovathTe 
CESS MEDIA Be ISE 


\a/ | 
TRACK Wl) 


Characteristics of particulate disk noise: 
Signal and noise are both proportional to moment and thickness. 


Noise decrease as size of particle decrease for same moment. 
i.e. smaller particle yields better disk SNR. 


Spacing loss has same effect on signal and noise. 
Velocity has the same effect on signal and noise. 
Signal adds coherently, noise adds incoherently. 


Noise decrease slightly as data density increases with same head. 
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os 
INDUCTAncEe 1S NESE! 
Lite SH 
Pesistance = | - ZOOL 


METAL FILM DISK 


The best model relates to transition jitter. 


a i 
WIDTH 
1 


The transitions tend to follow grain boundries. 


The mean position of the transitions varies in a random 
manner. 


This random, position variation can be equated to transitions 
with no position variation plus noise. 


There are a variety of film materials with some differences 
in characteristics. 


Noise is affected by texture of substrate and undercoats that 
affect grain growth of the magnetic material. 


If the grains can be made smaller the noise is lower but also 
there is more macro vaiation in Hc and S* is lower. 


Many of the properties of noise from film disks are the same 
as the noise from particulate disks. Namely: 


Signal and noise both proportional to moment and thickness. 
Velocity has the same effect on signal and noise. 


Signal adds coherently, noise adds incoherently. 
Herel Medea 
SNR increases slightly with closer /Spacing. 


The major difference is that film disk noise increases as 
data density increases. 


oe 
y Ree" 
S]y ween le? 
Boy S/N 


crore 
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9.9 MEASURED NOISE VS FREQUENCY 


uV /J Hz 


ZN ANY 


HEAP CaP 
Fi tte 


4 


CHANNEL 
mm ¥ FILTER 


© eo | 59 
FREQUENCY (MHz) 


NOISE CURVE 


Na, amplifier noise, is here measured with the head unloaded 
(not on the disk) and the input shorted. this assumes) that 
the voltage equivalent noise is dominant. 


Ne, the total electronic noise, is then measured with the head 
unloaded and connected to the amplifier. 


ZN, the total noise, is measured with the head loaded on the 
spinning disk. 


The noise value in uv in each case is the integral under the 
appropriate curve. Thus the units of the ordinent is uV/NHz. 


In principle the noises can be separated by using the total 
noise equation (9.1). 


AS IS SEEN ABOVE: 


Disk noise is limited frequency-wise by the gap and spacing 
losses of the head. AdO oT CHANNEL BoelOw om 


Amplifier and head noise (which are a YB, the channel bandwidth) 
are limited by the electronics low pass filter. 
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9.9 FILM DISK NOISE A FUNCTION OF DATA FREQUENCY 
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9.10 THE MAGNETIC CHANNEL SNR 


yar 


Now going back to the channel noise diagram of section 9.3. 


AMP 
NOISE 
DISK HEAD Na AMPLIFIER 


SENSITIVITY 
& 

LOW PASS 

FILTER 


SIGNAL 


Signal Ves NL 


SNR = ———————_ = (9.2) 
YNd?+ Nh?+ Na? XS pose? 
Noise users 
In BAS 


The characteristics of the head have the same effect on disk 
Signal and disk noise. 


This can be seen by writing equation (9.2) in terms of the 
pulse sensitivity, Ps, of section 7.2. 


is~ be 4a 
SNR = _ _ PsWHfa = (9.4) 
INd*+ Nh*+ Na?” “3 


As discussed in section 9.9, disk noise is proportional to the 
JW and will be proportional to Ps. (9.4) can be written as 


ee Ps*W/qz 


(9.5) 
J(Nd’ -JWePs)?7+ Nh?+ Na?’ 


Where Nd’ is defind as the unit media noise and is the disk 
noise/J (unit W)/(unit Ps). Thus 


Nd = Nd’-Ps+JW (9.6) 
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Dividing numerator and denominator by Ps yields 


W 
SSN ce (9.7) 


J(Nd’)?W + (Nh? + Na’)/Ps ry 
me [mp0 ane 
The significance is that as Ps increases, the effect of the 


head and amplifier noises decrease and in the limit the SNR 
becomes the SNR of the disk. 


Limit SNR = al 
Ps-—>o Nd“ 
Thus, even if Ps can be increased with no bad side effects, 


the benefit is limited. 


The SNR requirements for a 2,7 code peak detection channel is 
in the range of 26 - 27 dB base-peak/rms. 


let 1277276 6B 
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9.12 SNR AND ERROR RATE 
The projected error rate is related to SNR Via the complemtary 
error function. 


ER = CEF(SNR/J2) SNR not in GB. 


Thr SNR is the SNR at the detector not at the amplifier. 

There is a loss in the electronic channel and in the detector. 
(detection loss factor). For a 2,7 code peak detection 
channel at 85% resolution this loss is about 11.4 db. 


desired on track error rate is in the E-7 to E-9 range 
depending on the application. 


COMPLEMENTARY ERROR FUNCTION 
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NOISE PROBLEMS 


PROBLEM 9.1 


A head disk combinajtion has a resolution of 70% at the all 
ones frequency. What is the dB difference in the SNR 
definitions of page 9.2. 


PROBLEM 9.2 


a. Derive the equaftion for unit media noise (UMN) as a function Q 1 
pulse sensitivity Ps and track width W. 


b. The SNR for a disk type is advettized as 33 dB for W = 10 ee 
What is the UMN? 


c. You want to use this disk in a product with W = 6u. You 
measure Vp-p as 700 uV. What is the disk noise and disk 
SNR under these condition? 


(/ PROBLEM oi 


The noise of an amplifier is measured with the input shorted 
and found to have a noise voltage of 6 HV rms with a 30 MHz 
bandwidth. The noise of a head and this amplifier to gether is 
found to be 8.5 uv rms at 30 MHz. 


What is the head noise for a bandwidth of 20 MHz? 


PROBLEM 9.4 


A given disk is stated to have a SNR of 30 dB when measured at 
40 MHz with the head and amplifier of problem 3 with Tw = 10 hu. 


a. If the low frequency peak to peak signal is 600 uV, a 
what is the disk noise in pV? 3@4d8= 20 Leta SEM3\ 26 Lot, (SOME 


b. What is the total SNR if you use this disk with a 
similar head with Tw = 8y and at a bandwidth of 30MHz? 


l 2 
fT te | 
seein oe A 
3 anil H 
ae) 
A is 
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PROBLEM 9.5 


When measured on a test stand at 40 MHz a disk has a noise of 
8.5 uwV rms and the head and amplifier have a combined noise of 
10 uwV and the Vp-p is 500 uV. 


a. What is the dB SNR of the combination if used in a 
channel with a BW of 27 MHz. 


b. What is the approximate on track error rate (OTER) with 
a 2,7 code peak detection channel? 


PROBLEM 9.6 


a. If the data rate for the components of problem 9.5 were 


to be incresed requiring a BW of 40 MHz, what would be 
the loss in SNR and the new OTER. 


b. In addition the higher data rate it is desired to 
increase track density requiring W = 8.5 u. What is 
the loss in SNR due to both changes and what is the 
projected new OTER. 


c. What would you recommend about making these changes? 
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SNE. + APOS Noisé 
11 EQUALIZATION — eberse boos 


11.1 INTERSYMBOL INTERFERENCE 


As the spacing between transitions decreases there is partial 
cancelation resulting in loss in amplitude and a shift of the 
readback pulse peak. 


Amplitude vs density yields a roll-off curve. The -3dB 
density or the resolution at some specific density 
characterizes the components. Different detection channels 
have different resolution requirements for satisfactory error 
rate. 


The process is linear up to fairly high densities. that is, a 
pulse train with variable spacing can be constructed by the 
superposition of isolated pulses. 


Reslolution loss and is primarily an inner diameter problem 
Since as the radius increases so does the velocity and the 
transitions are further apart. 


Boosts 
ROLL OFF CURVE = e-Aanared’: Cott” cies 
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If 1400 feomm is your design point and .61 resolution is not 
high enough, equalization may solve the problem. 
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DI-BIT WITH LITTLE INETERACTION 
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ISO PULSE AND DI-—BIT 


WITH HIGH INTERACTION 


ISOLATED PULSE 


lJ 
Q 
E RESOLUTION LOSS 
om 
2 
Gl 
N 
< 
© 
z 
WINDOW CENTER 
-0.6 
TRI-BIT AMPLITUDE LOSS 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 

~0.2 

—0.3 

—0.4 

-0.5 

-0.6 

0.7 

~0.8 

~0.9 

| 

5 —3 ~1 1 3 5 
Advanced Channel Integration -- Roy A. Jensen 


IBM - SJ. 484° 


DASD Magnetic Channel Design -- Equailzation Page 10.4 


11.2 SECOND DERIVATIVE EQUALIZATION 


The resolution can be increased with equalization. 
Equalization basically narrows the isolated pulse and in turn 


decreases peak shift and amplitude loss by subtracting some 
form of the pulse from itself. 


The second derivative of the isolated pulse has a perfect 


shape for equalization. The ideal 2nd derivative equalizer 
transfer function is 


1 - KS? 
Where k is the amount of 2nd derivative subtracted. 


In practice the gircuit will also have poles that limit the 
range of frequancy over which diferentiation occures. Ina 
good design the pol@s will be part of the low pass filiter. 


The magnitude of the 2nd derivative increases as the raius 
increases. Also the need for equalization decreases. K must 
either decrease with radius or a compromise value be used_ so 
as not to over equalize at the mid and outter radii. 


ZND DERIVATIVE EQUALIZATION 
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EQUALIZED DI-BIT 
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UNEQUALIZED PULSE TRAIN 
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EQUALIZED PULSE TRAIN. 
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11.3 DEMONSTRATION OF LINEAR DENSITY GAINS WITH EQUALIZATION 
The linear 


off-track 
goodness. 


density gain for 4 different heads is shown with 
capability vs linear 


denstiy as a measure 
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wot TYRE vA 
l1.3 TAPPED DELAY LINE EQUALIZATION US 
The pulse can be shaped to any degree desired with a tapped 
delay line. 
Ao oa Q> a. 


Pe(t) 


This form lends itself well design techniques in both time and 
frequency domain. 10 to 15 tap solutions are not uncommon but 
it has been considered a laboritory tool and not practical for 
product implementation. 


The 2 tap version is’ known as the cosine equalizer. 
referenced to the center tap 
Pe(t) = 2B + a, P(t-T) + a, P(t-2T) 
In the frequency domain a delay of Tis e°*?* OR e J? 
Pe(w) = a, P(w) + @,P(w)e?"" + a,P(w)e?"** 
and Gg =a, = 1/2 


Pe(w) = e i*t{1 - 1/2(e)?"* + eae I** )]P(w) 


Pe(w) = [1 - COS(wT)Je°"*P(w) 
Ge(w) = EQUALIZER GAIN 


Tt/2T T/T 


Again as the radius changes the p(t) changes and a’s and t 
that are optimum at the inner radius are not optimum at higher 


l f radii. 
ee a errs AS Fema craneeS The cranbes 
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From . the frequency domain point of view intersymbol 
interference causes a loss at higher frequencies in the gain 
and a lag in the phase characteristics of the input signal. 


The ideal phase characteristic is linear with frequency which 


results in a constant shift in the time domain independent of 
frequency. 


The purpose of equalization is to correct for the distortions 


of the channel. It can be effective over part of the 
frequency range. | 


"ALMOST" 
INPUT OUTPUT -- EQUALIZATION ORIGINAL 


GAIN 


“ES 


Generally equalization boosts a frequency range where the 
Signal is lower than desired. 


FREQUENCY ——> - 


There is an overall SNR loss but there can be a SNR gain for 


specific high error rate conditions such as the center pulse 
of a tri-bit. 7 


Ultimately, as the amount of equalization is increased, the 
noise boost will dominate, limiting the effectiveness of 
equalization. 
<——— NOISE 
—_____-_———., SPECIFICALLY 
LOW SIGNAL 


ee oN 


a“ cca POSER 


INCREASING EQUALIZATION 
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It is possible to do quite a bit of pulse shaping with 
equalizers of several taps or stages. 


In general, the more extensisive the shaping, the higher is 
the overall SNR loss and the more limited the gain. 


Also the more difficult it is to obtain the desired 


equalization over a range of tolerances and especially radial 
position on the disk. 


1. | a Unequalized 


\ Equalized 
X ao +28wa), 


Amplitude 


0 25 50 75 100 125 1 
TIME (10-8 SEC) 


ISOLATED PULSE, TWO EQUALIZERS PLUS TWO BWS FILTERS 
A vt 


50 175 200 225 


® 
9 e 
HIGHER ORDER EQUALIZATION vi 


th 
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11.4 THIN FILM HEAD WITH FINITE POLE TIPS 


The pole tips of the thin film head provide equalization much 
the same as a 2 tap de@ly line. The pole tips provide a 
negative field or pulse. 


The advatage is that the equalization is determined by 
geometry rather than velocity. Thus as the radius changes the 
equalizing effect tracks. 


Additional equalization can be used but to a more limited 
extent. Additional equalization causes more undershoot and as 
the radius increases the undershoot eventually causes extra 
bit errors. 
1.2 : 
° e = 
POLE TIPS 
[ KARLQUIST HEAD 


POLE TIP FIELD 


500 


uVolt 


~~500 


nSec 
Isolated Pulse 
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SIGMAL AMPLUTUOE IN uy, 


1.0 


0.8 


0.6 


0.4 


9 
n 


°o 


SIGNAL AMPUTUDE IN uv, 


Fad 


SIGNAL AMPLITUDE IN u¥. 


Pole/gap ratio must match the flying height and disk 
parameters for optimum pole tip effect. 


MAGNETIC MOMENT PER UNIT YOLUME : MR= 90.00 EWU/em? ~—s 7,1: CODE. MAGNETIC NOMENT PER UNIT VOLUME : MR= 90.00 EMU/cm? —- 7,1 CODE. 
FLYING HEIGHT : FLY= 8.50 uw” GAP= 155 uw FLYING HEIGHT : FLY= 8.50 mw” GAP= .55 uw 


1.0 


ae 0.8 
ae 
a ne aS 
Fits HEAD 
~ 13 KAMLOUIST 
SRogae 0.4 
A-i2 “ 
(TAILS mR Me 
a 
2 cee Fils MEAD 
fat Stz 1.0 a, 
2 0.2 S22 1.0 wo 
5 
x 
a 
«< , 
2 
z , 
2 : 
: a oO 
RECORDING DENSITY IN FLUXCHANGES/MILLIMETER. = wi. 14:08 19-JUt-89 _- RECOROING DENSITY IN FLUXCHANGES/MILLIMETER. = w.N. 14:09 19~sUi-€9 
FilM THICKNESS : MCT=10.00 yu“ F3O/128 6-279? FILM THICKNESS : MCT=10.00 4s” ip Petia Oe 
: ia A 7 : 464 v ome: 
ARC.TAN. FACTOR : AO= .4642 y,, oan ue One TON: EOGIOE, SUR sen eit Workasoce : SOQUEL 
i 
1 
1 
MAGNETIC MOMENT PER UNIT VOLUME : MR= 90.00 ENU/em? 7,1 CODE. \ MAGNETIC MOMENT PER UNIT VOLUME : MR= 90.00 EMU/em3 7.1 CODE. 
FLYING HEIGHT : FLY= 8.50 w" GAP= 155 yu. FLYING HEIGHT : FLY= 8.50 uw" GaP= .55 yu 
} 
! 
1.0 
i 
0.8 
0.6 \ 
| 
: | 
KAPLOUIST 0.4 KARLOLIST 
\ 
af 
Ee Fite 4£a0 : 
z Siz 70m. 
z S22 2.04. | 
Fil MLAO S 0.2 
St= 1.5 uw a 
S22 5.5 ui Pa 
=z 
< 
z 
=z 
3 
; ” 0 
: 400 800 1200 2 400 800 1200 
MAGNETIC MOMENT PER UNIT VOLUME : WR= 90.00 EMU/em? 7,1 CODE. MAGNETIC MOMENT PER UNIT VOLUME : MR= 90.00 EMU/cm3 7.1 CODE. 
FLYING HEIGHT : FLY= 8.50 uw" GAP= .55 uw FLYING HEIGHT : FLY= 8.50 uw” GAP= 55 yu. 
1.0 1.0 


0.8 0.8 


: Se ” “ 
ot | | 
0.4 o™ yen 


: ee $2 3.9 
$22 30 ue af hg 

a 
= 

=e 8 0.2 
z 
3 

) i wt oO 

ec: ee ee 400. ee ee as 


Advanced Channel Integration -- Roy A. Jensen 


IBM -SJ- 484 


DASD Magnetic Channel Design -- Equailzation Page 10.13 


Optimum equalization matches channel spectrum to code spectrum. 


Recording channel 


1.0 ares : 
ff i ara) 
® Class |V partial 
Ideal response ° ; 
o 0.8 forclassIV f\ response equalizer 
3 partial / \ : 
= response 
E 0.6 \ 
pic e 
me) e 
Qo 
= \ | 
e 0.4 \ 
2 \ | 
0.2 | 
\ 


0.2 0.4 0.5/T 0.6 0.8 
Frequency 


Figure 2.49 Frequency response of recording channel (before 


detection), ideal class IV partial response, and required class IV 
partial response equalizer. 
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PROBLEM 1. One means of generating a second derivative is with two 
series first derivative circuits as shown below. 
« 
/ ibe eee 
a> 
|+ 


Pe(s) 


a. What is the simple transfer function for this circuit? 


&, 


b. What is the criteria for the coefficients a, and b in 
order to obtain a simple second deirvative equalizer? 


IF A=pb i-las) 
If a and b are not equal there is a first derivative 
term also. Sketch the first derivative of the 
isolated pulse... shown on page 4. Under what 


conditions could the first derivative be of value 
for equalization? 


- yl 


4 
ore 


S \S . 
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12. LINEAR DENSITY DESIGN 


12.1 KEY LINEAR DENSITY PARAMETERS 


Page 12.1 


Before proceding let's review the key head, medium, writing 


and reading parameters. 


The Key head and medium linear density parameters for the case 


with a thin film head are shown below. 


Bs 


HEAD Th 


12.2 WRITE CONDITION 


The condition for adequate writing was defined in Section 6.11 


in terms of the write factor Kw (6.11) 


Hx(0O,d..-.) - Hd 
He 


Kw 2 


Combining with equation (5.11) 


g/2 


aff 


) > KweHe + Hd 


ons 28 
Hx(0O,d,--2) = a etal 


From equation (5.6) 


Giese 


(12.2) 


(12.3) 


Good writing requires large Bs, P, and g and small d and t. 
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12.3 READBACK 


From equation (7.7) 


g/2 


.@) 


Vp-p = 16+10°* -Nev-WeMrt+—-Atan ( ) (12-4) 


The half pulse width is an indication of the resolution or 


linear density that can be achieved. It can be shown that 
Density a 1/VJg7+4d",.., for the Karlquist head. (3.6) 
Density a 1/J(P+g+P)7+16d’,., for the Szczeck head C327) 


Large signal requires large v, Mr, & t and small d. 


High density requires small P, g, d, t, & a (small Mr, large Hc) 


12.4 PARAMETER REQUIREMENTS 


WRITEABILITY 


AMPLITUDE 


LINEAR DENSITY 


Optimum design is a set of trade-offs. 
Writeability vs amplitude and density 
Amplitude vs density. 


Low flying and throat heights, are the only parameter that 
helps everything. However, head/disk mean time to failure is 
strongly related to d. 


Thus the problem is to achieve the right baiance between snr 
and density at the highest flying height. 


Design must also include expected parameter tolerances. 


We need a systematic way to see the effect of a lot of 
individual parameters at one time. 
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12.3 LINEAR DENSITY DESIGN APPROACH 


Lg 


The following is one approach. 


It does require the help of a computer; howeyver, the example 


that I will cover provides a good understanding of the 
trade-offs. 


To do this work seriously a computer is a necessary tool. 


Start with some initial assumptions 
Required SNR for the desired error rate and detector. 
Required resolution for the channel (including resolution) 
Achievable throat height 
Minimum write factor 
Head, disk, and channel noise values (measure if possible) 
The inner diameter velocity 


These tend to be the ones over which you have least control 


1.3 they are determined by physics or the state of the 
technology. 


Select an initial value of P and g 


From equation 12.1 find the Hc that this head can write for 
the desired write factor Kw. (Estimate or neglect Hd.) 


select a starting value for mr and t. 

Generate the isolated pulse from equation 3.4 

Generate the roll-off curve (amplitude vs density) by 
superposition of isolated pulses and find the density for the 
desired resolution. 

This point will be used to repesent the entire curve. 

Select a range of PgP sums (constant g), repeat steps 3-6 for 
each and plot the resolution points. This is a curve of 


constant write factor. You can see the amplutide density 
trade off for PoP sum. 
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ter [THIN FILM DISK} 


30 


SNi2 
(D8) 


28 
26 : 
: 
pal? e 
(FLY HEIGHT=10ui | ‘ 
0.C.=1.5ul | ove 
2G THROAT _HEIGHT=2u! cor 


MRT=2E" 3 EMU/CM2 | 


2 T HD |f 
13.5uCW 4 
BUVCRMS) 


2¢9 200 300 Tov 


400 600 
FLUX REVERSALS PER MILLIMETER 


POINTS OF CONSTANT RESOLUTION (85%) AND CONSTANT WRITE FACTOR (4). 


With the ordinate as SNR the picture is more complete and as the 
noise or track density is changed the curve will translate 
vertically without changing shape. 


20%/ db as selkected as the requirement for 2,7 code peak 
detection. 


This allows for component tolerances. 


The minimum requirement is more like 25 dB. 


Kwow Mr& kw 


Mm PoP 
ae CALCULATE He 
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30 : SINGLE READ/WRITE HEAD 
: FILM DISK! 


ped 
SNR Hc Oe Wi 
(0B) 
26 PGP u 
26 2.2) 314 
M3) 
gt 9 2.0(] 273 FLY HEIGHT=i0uI 
[21 coe x THROAT HEIGHT=2u 
13.50:C! Loe wy MRT=2.G£ 3 EMU/CM2! 
BUVOCRMS ane 7 
foo 650 700 7 B00 
FLUX REVERSALS PER MILLIMETER 


Density decreases at top of curve due to large PgP and 
decreases at the bottom of curve due to low He (high a). 


#330 4-24 355 
PGp=2.4 ——— 


26 ae 
5 

Qe.4 ae 7 ; 
2 | agi 7 36 I 
13.5u Cy ae 3 M2 | 
BuV AMS | oa VOsCse) 2oUl | 
+ IHA/HC=4 | 

§ GAP u 

“$50 650 700 750 300 

FLUX REVERSALS PER MILLIMETER 
Effect of g variation with constant PgP. There is small 
sensitivity in range .5 to .7 pp. The selection criteria is 


p/g balance with spacing and how it affects the phase 
characteristics. 
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SNR(D8) | 
28 
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Bu RMS 


24 


“600 
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The effect of different write factors. Better writing than 


needed is expensive from density point of view. 
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The effect of different throat heights. There is a big pay 
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small is very important. 


maximum 


if throat height can be kept low. 
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value. 
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The product spec will 
tolerance 
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The effect of higher head Ms. In this case the matferial with 
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Note that same amplitude and 
combination of 


parameters. This can be confusing when there is a variety of 
test data. The optimum solution is on the tangent line. 
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Effect decreasing the flying height. This has tremendous 


pay-off on both signal and density. HDA reliability is the 
big trade off. 
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The SNR goes up faster than is required. Lines a & b 

represent lines of the required increase in amplitude to 

maintain constant SNR. In case a the velocity must decrease. 


In case b the data rate must increase. 
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To take full advantage of the decrease in flying height the 
Mrt, PgP and Hc should all be decreased. 
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A wider range of Mrt change. Note how the PgP and Hc change 
along the tangent line. 
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OPTIMIZED PARAMETERS FOR 
SINGLE ELEMENT READ/WRITE HEAD 
PLL DISK 
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Mrt tangent line for different flying heights. The optimum 
PgP sum and Hc are given at each intersection. Note that as 
the flying height decreases so does the gap. The plane is for 
one resolution, one throat, and one write factor. If the head 
gain, Tw, and/or total noise change, the required SNR line can 
be moved up or down accodingly. 


A statisticl anlaysis with a set of typical 30 tolerance 
values yields the following results. 


SNR -- 30/u = 2dB 


DENSITY -- 30/p = .1 
a ae FACTOR -- TARGET VALUE OF 3.7 FOR A u - 30 VALUE OF 
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PROBLEM 9.1 


A head disk combination has a resolution of 70% at the all ones 


frequency. What is the dB difference in the SNR definitions of 
page 9.2? 


Definition l Definition 2 
V V 
hfrms lfbp 
SNR := SNR = 
1 N 2 N 
rms rms 
SNR V V V 
1 hfrms hfrms hfbp 1 
— een erent ond ee rerecentnts X meet = — J = 
SNR V V V 
2 lfbp hfbp lfbp J2 


20: log(.495) = -6.108 dB difference 


PROBLEM 9.2 


a. Derive an equation for the unit media noise (UMN) a a function of 
disk SNR and track width W. 


N 
rms 
Unit media noise (UMN) is defined as 
Ps:‘yW 
Ss S .05: SNR S 
SNR := 20: log|>- ; .O5'SNR := log|-] a, 10 = = 
N N N 
S 
S N W Ps 
N = oe = = 
.O05:SNR W .0O5: SNR .O5: SNR 
10 10 10 
N Iw 
= = UMN 
.O05: SNR 
Ps: yW 10 
b. The SNR for a disk type is c. You want to use this disk ina 
advertized as 33 dB for W = product with W=6u. You 
10 vw. What is the UMN? measure the Vp-p as 700 UV. 
What is the disk noise and SNR 
under these conditions? 
SNR := 33 dB W = 6 et 
2 
W := 10 LL 700 
SS 22 uVb-p 
dw 2 
UMN := : S 
.O5:SNR Ps. 3S == UV /U 
10 W 
2 
UMN = 0.071 ta Ps = 58.333 UV / 


N = 10.116 uV rms 


PROBLEM 9.3 


The noise of an amplifier is measured with the input shorted and found 
to have a noise voltage of 6 uV rms with a 30 MHz bandwidth. The noise 
of a head and this amplifier to gether is found to be 8.5 uV rms at30 
MHz. What is the head noise for a bandwidth of 20 MHz? 


N := 6 
a 
BW := 30 
1 | 
BW = 20 
2 
N + N = 8.5 
a h 
BW 
2 2 2 
N 7= ¥8.5 - 6°¢|e- 
h BW 
Lb 
N = 4.916 


PROBLEM 9.4 


A given disk is stated to have a SNR of 30 dB when measeured at 40 MHz 


with the head and amplifier of problem 3 and with W = 


20 Ws 


a. If the low frequency peak to peak signal is 600 uV, what is the 


disk noise in uV? 


b. What is the total SNR if you use this disk with a similar head with 


W = 8u and at a bandwidth of 30 MHz. 


PROBLEM 9.4 


SNR = 30 
a 
BW = 40 
1 
W = 10 
A 
a. 
600 
5 ca. eee 
Lfbpi 2 
From 9.2 
S 
Lfbpl 
N “oe sip ce cats ctecedin ta 
di .05° SNR 
d 
10 
N = 9.487 ywV xrms 
di 
SNR = 


20° log 


ry 
. 

¢ 

eee The or coronene erie eet eenenen | 


Pe med AE eR 


,aeererrt rey 


W = §8 
2, 
BW = 30 
2 
oe 
W 
cz 
N = N Sa 
d2 di iW 
“4 1 
N = 8.485 
d2 
N = 8. from 9 
el 
re 
ae: 
g 28 . | ~ a 
LEbp2 Lfbpl iW 
| 
S = 240 
LibpzZ 
SNR = 26.013 


2 
Dasmnatbeneenscmne resent tacos te, 


PROBLEM 9.5 


When measured on a test stand at 40 MHz, a disk has a noise of 8.5 


UV rms, the head and amplifier have a combined noise of 10 uV and 
the Vp-p is 500 uV. 


BW := 40 N := 8.5 


N := 10 


a. What is the dB SNR of the combination is used in a channel with a 
BW of 27 MHz? 


BW := 27 
2 
500 
S == 
1 V 2 
BW 
2 
N = N ————m 
e2 el BW 
1 
N = 8.216 
e2 
S 
1 
SNR = 20:log 
1 
2 2 
N + N 
al e2 
~ SS 
SNR = 26.505 
1 


b. What is the approximate on track error rate (OTER) with a 2,7 code 
peak detection channel? 


SNR at the detector 


II 
n 
Zi 
Zs) 


- 11.4 = 15.105 dB 


From the CEF OTER 


ll 
i 
(00) 


PROBLEM 9.6 


a. If the data rate for the components of problem 9.5 were increased 
requiring a bandwidth of 40 MHz, what would be the loss in dB and 
the new on track error rate? 


BW >= 40 ONR = 26.505 
2 1 


SNR := 20: log 
SNR 
Zi 


II 
NO 
ui 
U1 
iO 
~“] 


LOSS 


I 
nn 
Z 
wv 

| 
n 
Zz 
Ps) 


LOSS = 0.908 dB 


SNR - 11.4 = 14.197 OTER for SNR2 = about 2E-7 
2 


b. In addition to the higher data rate, it is desired to increase the 
the track density requiring W = 8u. What is the loss in SNR due to 
both changes and what is the new projected on track error rate? 


:= 10 
1 
W = 8.5 
2 
W 
2 
N := N S = § ——— 
a2 dal 2 1 W 
1 
N = 7.837 S = 212.5 
a2 2 
SNR = 
3 
SNR = 24.468 
3 
LOSS := SNR - SNR 


1 S 


LOSS = 2.037 


SNR - 11.4 = 13.068 
3 


From the CEF OTER as 1TR-5 


PROBLEM 9.6 Continued 


c. What would you recommend about making these changes? 


Either one is marginal both are unsatisfactory. 


EE461 Advanced Magnetic Recording -- Track Density Design Page l 


TRACK DENSITY DESIGN 


TRACK DENSITY LIMITERS 


» SNR 
»® DISK DEFECTS 2 
» TRACK MISREGISTRATION (TMR) WémeT? én 
» HEAD WIDTH TOLERANCES 
» HEAD SIDE WRITING AND READING 
<------------------ TRACK PITCH ~-~----~-----~------ > 
<----- TRACK WIDTH W ------ >| <-- GUARD BAND GB --> 
SSS CORE WIDTH CW IS] EB * 
a rom 
LEP PL F OL LDS DT TT PAV AN av ava. 
SNR, DEFECTS, TMRw/r, B TMRw/w, 
& LOWER HEAD WIDTH & ERASED BANDS 
TOLERANCE PLACE LOWER & SIDE WRITING 
LIMIT ON W B & UPPER HEAD 
0 WIDTH TOLERANCE 
D |PLACE LOWER 
LIMIT ON GB 
' 
Sipe WamAG 
TRACK MISREGISTRATION (‘TMR) Effect 
» TMR WRITE TO READ, TMRw/r 
-~->j|TMRwr]| <-- 
CENTER LINE OF TRACK --> <-- CENTER LINE HEAD POSITION 
POSITION READ HEAD OFF TRACK 


~— TNT TST TS b 
| | 


(ERASED BAND NOT SHOWN) 


- TMRw/r IS THE 30 VALUE OF THE DIFFERENCE BETWEEN THE HEAD AND 
THE ACTUAL TRACK LOCATION -- NOT THE NOMINAL OR IDEAL LOCATION. 
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» TMR WRITE TO WRITE, TMRwW/w 


< NOMINAL TRACK PITCH >|< NOMINAL TRACK PITCH >|. - 
AClirte TO BTA! 


A AN AN ANAT AN A PPE LPG GF /\S\SNISN/N/N/ > 


g 


i 
\ 


7} 


PEP LP PG a aT a A OWWAANAAASA 


fn a-- ATP -~--- >|<---- ACTUAL TRACK PITCH ---> 


- TMRw/w IS THE 30 VALUE OF (NOMINAL TRACK PITCH - ATP) 
2 272 
- TMRw/w = [TMRW/x + THE TMR OF THE SERVO WRITER | 


THE SERVO TRACKS, WHICH ARE THE REFERENCE FOR READING AND 
WRITING IN A GIVEN FILE HAVE THEIR OWN VARIATIONS IN ADDITION 
TO THE SOURCES OF TMR WITHIN THE FILE. 


- THE PRIMARY SOURCES OF TMR ARE: 
o NON REPEATABLE RUN OUT OF THE SPINDLE (BEARINGS) 
o THERMAL EFFECTS -- DIFFERENTIAL EXPANSION 
o WEAR 
o SERVO SETTLING 


- TMR VALUES ARE IN THE LOW MICRON RANGE 
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TRACK DENSITY AND ERROR RATE ASSESSMENT TESTS 
» QUICK ASSESSMENT OF TRACK DENSITY 
OLD INFORMATION TEST 
TRACK PITCH AT FAILURE TEST 
LAMBDA CURVE ANALYSIS 
» OPTIMIUM TRACK DENSITY FOR GIVEN HEAD/DISK 
747 CURVE 
» ERROR RATE DETERMINATION 
BATHTUB CURVE 
SQUEEZE CURVE 


IMR/ERROR RATE ANALYSIS 
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TRACK WIDTH AND PITCH BOUNDARIES 


» THE OLD INFORMATION AND TRACK PITCH AT FAILURE TESTS DETERMINE 
THE EFFECTIVE OR CORE WIDTH OF A HEAD AND TOGETHER WITH THE TMRs 
AN ESTIMATE OF THE MINIMUM TRACK PITCH CAN BE MADE. 


" OLD INFORMATION TEST ~ oo in¢otmanert 
IINISNINININININ 
OI TRACK ia 


BUN Nana eS 
PPL ITT S /\ 
OI TRACK | | 
TAN AN AN ANU AN AN AN ANY ax 
DATA TRACK 


ie eo MOVE OFF-TRACK IN 
FINITE STEPS 


- OLD INFORMATION AND DATA TRACKS ARE WRITTEN AS SHOWN. 
- DATA TRACK IS DIVIDED INTO A NUMBER OF SECTORS. 
- A SECTOR, BYTE FAILURE CRITERIA IS SET. 


- AS THE HEAD MOVES OFF-TRACK IN FINITE STEPS, THE SECTORS THAT 
FAIL ARE COUNTED AND THEN MASKED. O POSITION IS ON-TRACK. 


- THE PROCEDURE IS RUN IN EACH DIRECTION. 


- MULTIPLE TRACK SETS ARE RUN AS PART OF THE SAME TEST FOR 
LARGER SAMPLE SIGE. 


OFF-TRACK 
.070 
.080 
5090: i= 
.100 |** 


(110 |*****KK 
UIN .120 | ¥¥¥KRKRREKK 
130 | KK KK KKK KKK EKER KEKEKEKEREE 
140 | RRR RK ARK RK RRR ERK EK RRR RRR EK KKK ER KKR KK 
150 | RRR KEKE KRKEKEKER 
.160 |*** 
ot FO 
. 180 


3. 10 15 20 25 30 35 40 45 50 
SECTORS IN ERROR 


MIN = .090 MAX = .160 AYE = .134 SIGMA = .013 SAMPLE = 100 


- “THE IO” = AVE OF THE SECTOR FAILURE HISTOGRAM, 
- AT THIS POINT W IS NOT KNOW 
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» TRACK PITCH AT FAILURE 


BBS AANA AAO AN AX 
OI TRACK 


L\IN\SNSNININ/NININ. 


IDI LI LIS IT 
OI TRACK 


AN AN AN AN ANA AN ax 
DATA TRACK 


LPOYDPPI LILI LTS 
P =|W: = 


PPP PLD TTS 
SQUEEZE TRACK 


< 


OI |<- SSen> MOVE IN..IN 
FINITE STEPS 


ae 
CL ‘ CL 
TOME Piren aT FAILURE 
-~ OLD INFORMATION AND DATA TRACKS ARE WRITTEN AS WITH THE OI TEST 
-~ AN ADJACENT TRACK IS MOVED IN IN FINITE STEPS AND FAILED SECTORS 
ARE COUNTED PER STEP AND MASKED. ALL READING IS ON-TRACK. THE 
KNOWN MEASUREMENT IS CENTER LINE TO CENTER LINE. 


- THE TEST PRODUCES A HISTOGRAM SIMILAR TO THE OI TEST BUT WITH 
THE TRACK PITCH AS THE ORDINATE. 


& TPE 


THE TRACK PITCH AT THE MEAN OF THE SECTOR FAILURE HISTOGRAM. 


- IT IS SEEN THAT FROM THE DIAGRAM THAT 


W= TPF + Ol.oe BUT OI,,, IS NOT KNOWN. 


- SINCE THE HEAD SEES THE SAME AREA OF DATA AND OLD INFORMATION IN 
BOTH OI AND TPF TESTS, ONE MAY ASSUME 


Oley a Olxe¢ 
=: SO 
W OR CORE WIDTH = TPF + OI,, IS NOW KNOWN (4.1) 
OI IO 
ALPHA, « = —————— = —~ = THE OFF-TRACK PERCENTAGE (4.2) 


OI + TPE W 


- IF ERASED BANDS ARE INCLUDED, W WILL BE = W + 1 EB. 
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» MINIMUM W AND TRACK PITCH P 


- GOODNESS IS LARGER OI, SMALL TPF, LARGE a AND SMALL P. 
A FINITE EB IS DESIRABLE 
- ¥YofIS A MEASURE OF HOW FAR IT IS OK FOR THE HEAD TO MOVE. 


TMRwr IS A MEASURE OF HOW FAR OFF-TRACK THE HEAD WILL MOVE. 
- THUS 


OI > k, TMRw/r OI WILL INCREASE AS W INCREASES (13.3) 
COMBINING WITH (3.2) 

CW > k, TMR/a (13.4) 

k, IS A CONSTANT THAT DEPENDS OF THE DEFINITION OF THE SECTOR 


FAILURE CRITERIA. k, IS 1.3 - 1.5 OR SO WHEN THE BYTE 
ERROR RATE OF THE 4O¢CRITERIA IS E-4. 


- CONSIDER ANOTHER DATA TRACK AT A POTENTIAL TRACK PITCH P. 


aN AS A AN RNAV ANY AS a 
OI TRACK 
PPE IEE TOTES 
OI TRACK 
BB ABN AN ANY A 
OI TRACK | 


-_ > <_ 


PP SENT NS SINT NPT PRAT NT SAINTS 
DATA TRACK | - DATA TRACK 


/\SN\ININININININ/\ 
SQuEeEe TRACK 


- SQ =P - TPF (13.5) 


IS A MEASURE OF HOW FAR AWAY FROM NOMINAL IT IS OK FOR THE 
ADJACENT TRACK TO BE WRITTEN 
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~ FROM EQUATION 13.5 


P = SQ + TPE (13.6) 
~ ALSO 7 
P = CW - EB + GB AND 
SQ = GB - EB + IO 
-~ so 


Cw - OI =P - so 
CW = (P-SQ)/(1l-a) (13.7) 


- TMRw/w IS A MEASURE OF HOW FAR AWAY FROM NOMINAL THE ADJACENT 
TRACK WILL BE WRITTEN 


- THUS 
SQ > k, TMRw/w (13.8) 


AND 
P > TPF + k, -TMRw/w 


- FROM EQUATIONS 13.4, 13.6, 13.7 AND 13.8 WE GET 
oh 16 ble OF FTRAcK AL er 


(P - k, -TMRw/w) 


k, -TMRw/r < CW < 
l-a 


(13.9) 


- PLOTTING EQUATIONS 13.2 AND 13.7 GIVES A PICTURE OF THE SITUATION. 


OI & SQ 


THIS IS CALLED A LAMBDA CURVE. IT GIVES A QUICK SIZING OF THE 
ADEQUACY OF A GIVEN HEAD FOR A GIVEN TRACK PITCH. IT DOES NOT 
GIVE OPTIMUM VALUES NOR DOES IT ALLOW PREDICTIONS FOR OTHER HEADS 
SINCE a MAY CHANGE IF W CHANGES. 
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747 CURVE 


» THE 747 CURVE IS THE PRIMARY TEST THAT IS USED TO OPTIMIZE THE 
WIDTH OF A HEAD TO A GIVEN TRACK PITCH. 


» THE CURVE IS GENERTATED BY REPEATING THE OLD INFORMATION TEST 
WHILE CHANGING THE PITCH OF AN ADJACENT TRACK STAYING FROM A FAIRLY 
LARGE VALUE OF PYJCH. IT IS LIKE THE TPF TEST EXCEPT THAT THE 


HEAD MOVES OFF-TRACK AND A_ VALUE OF OI IS DETERMINED FOR EACH 
ADJACENT TRACK PITCH (ATP). 


REGION 1 REGION 2 REGION 3 


| OI FORM OI TEST 


wee = mom ein am 


Ol 


TPE OPTIMUM 


» THE OPTIMUM PITCH IS WHERE THE OI IS THE GREATEST. IF THIS IS NOT 
THE PITCH THAT YOU WANT, YOU MUST CHANGE THE HEAD WIDTH. 


» FOR A NARROWER HEAD BOTH THE OPTIMUM PITCH AND THE CORRESPONDING 
OI WILL DECREASE. 


» ALL OF THE INFORMATION OBTAINED WITH LAMBDA CURVE IS OBTAINED HERE 
PLUS MUCH MORE; HOWEVER, THE TEST TAKES MUCH LONGER. 


» THE 747 CURVE IS USUALLY RUN FOR SEVERAL TRACKS AND FROM BOTH 
DIRECTIONS 


Institute for Information Storage Technology -- Roy A. Jensen 


EE461 Advanced Magnetic Recording -- Track Density Design Page 9 


WHY IS THERE A HUMP IN 747 CURVE? 


™_ 
OLD | OLD 
INFORMATION | INFORMATION 
E Bead 
R READ | HEAD 6 ow 
A 
° | 
E OI | i 
D 
TRACK HEAD SD OI CONSTANT 
B CL cL | 1 
A 
e 
D START OF 747 PEAK/- ca ® 
2 2 \ dae 
2? Pies 
H MAXIMUM OI (747 PEAK) 
> | 3 
rs | 
hee 
| ZERO SQUEEZE (SD = 0) 
4 


ZERO OI 


pad 
uN 


peo 
OO 


pend 
© 


= 
Go 


© 
ep) 


Off—track Capability, or OI, in wm 


3 4 5 6 7 8 
Track Pitch in wm 
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BATHTUB CURVE 


» THE BATHTUB CURVE IS ONE OF THE TESTS USED TO DETERMINE THE TOTAL 


SOFT ERROR’ RATE. IT GIVES THE ERROR RATE AS A FUNTION OF THE 
OFF-TRACK POSITION OF THE READING HEAD. | 


» IT IS RUN LIKE THE basi EXCEPT THAT AT EACH POINT OFF-TRACK 


ENOUGH DATA IS COLLECTED TO DETERMINE AN ERROR RATE I.E. (BYTES 
IN ERROR) /(BYTES READ) 


; Bytes in error 
Error rate = 


Bytes transferred 


1x 1072 


1x 1074 


Error rate 


1x 10-6 


1x 1073 


—200 -—150 -—100 -—50 0 50 100 150 200 = 8 Microinches 


Off-track position 


» THE CURVE MAY OR MAY NOT INCLUDE THE ON TRACK POINT. FOR A GOOD 
SYSTEM THE ON TRACK ERROR RATE MAY BE AS LOW AS E-8 OR E-9 AND MAY 
TAKE MORE THAN ONE DAY TO MEASURE ACCURATELY. OFTEN TIMES IT IS 
ONLY ESTIMATED BY EXTRAPOLATION. 


» THE OI IS THE OFF-TRACK DISTACNE AT THE APPROPRIATE ERROR RATE. 
» ALL ERROR RATE TESTS ARE A FUNCTION OF THE DATA PATTERN USE FOR 
THE DATA TRACK AND FOR THE OI TRACKS. OFTEN A LOW FREQUENCY IS 


USED FOR THE OI TRACKS. THUS ONE MUST BE CONSITANT WHEN COMPARING 
ERROR RATE INFORMATION ESPECIALLY FROM DIFFERENT TEST STANDS. 
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TMRw/r AND SOFT ERROR RATE 


» THE BATHTUB CURVE GIVES THE ERROR RATE AT EACH LOCATION OFF-TRACK. 


» TMRw/r PRBABILITY DENSITY FUNDTION (PDF) IS THE PROBABILITY OF 
BEING AT EACH LOCATION OFF-TRACK. THE WIDTH OF THE PDF IS 
RELATED TO THE 3 SIGMA VALUE OF THE TMR. 


» THE POINT BY POINT PRODUCT OF THE BATHTUB AND PDF GIVES THE 
EXPECTED ERROR AT EACH LOCATION OFF-TRACK. 


» THE INTEGRAL UNDER THE PRODUCT CURVE GIVES AN EXPECTED SOFT 
ERROR RATE (SER) FOR THIS COMBINATION. 


500 M&/seDEMONSTRATION 
E 3 | SHIFT = 23.6 utn. 


ry 
H 
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a hg a ha 


» THIS SOFT ERROR RATE CHANGES WITH THE TMR 3 SIGMA VALUE AS DOES 
THE SHAPE OF THE PRODUCT CURVE. 
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» FOR THE TMR = 25 wIN CASE THE ERROR RATE I5 DOMINATED BY 
TRACK ERRORS. IN THIS CASE THE ERROR RATE COULD BE DECREASED BY 
USING A WIDER HEAD. 


BY 

s FOR THE TMR = 40 wIN CASE THE ERROR RATE IS DOMINATED 
OFF-TRACK ERRORS. IN THIS CASE THE ERROR RATE COULD BE DECRASED 
BY USING A NARROWER HEAD. 
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» OPITIMIZATION OF HEAD WIDTH 
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Figure 19 
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THE SQUEEZE CURVE AND TOTAL SER ASSCESSMENT 


» THE SER AS OBTAINED FROM THE BATHTUB AND TMRw/r IS ONLY PART OF 
THE ERROR RATE PICTURE. THE IMPACT OF ADJACENT TRACK SQUEEZE AND 
THE TMRw/w IS OBTAINED FROM THE SQUEEZE CURVE 


» THE SQUEEZE CURVE IS GENERATED BY A RUNNING SERIES OF BATHTUB 
CURVES FOR AS A FUNCTION OF AN ADJACENT TRACK POSTION MUCH LIKE 
THE 747 TEST EXCEPT WITH A BATHTUB CURVE RUN AT EACH POSITION. 


» AN EXPECTED ERROR RATE FOR EACH BATHTUB AND A GIVEN TMRw/r IS 
CALULATED AND PLOTTED AS A FUNCTION OF THE ADJACENT TRACK PITCH. 


» THE PDF OF THE TMRw/w IS THEN PLACED AT THE TRACK PITCH 
CORRESPONDING TO A TRACK DENSITY TO BE EVALUATED. 


» THE INTEGRAL OF THE PRODUCT OF THE TMRw/w PDF AND THE SQUEEZE 
CURVE IS THE TOTAL SOFT ERROR RATE. 


» IF THE ERROR RATE IS HIGHER THAN EXPECTED EITHER THE TMR’S HAVE 
TO BE REDUCED OR THE TRACK PITCH INCRASED (TPI DECREASED) 
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» GENERATION OF SQUEEZE CURVE 
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s SHOWN BELOW IS THE SQUEEZE CURVE AND A PLOT OF SOFT ERROR RATES 
FOR THE 500 MILLION BIT/IN?2 DOMONSTRATION AS A FUCTION OF TMR 
FOR A TPI OF 5344. 
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» SHOWN BELOW IS A PLOT OF TPI VS TMR FOR THE 500 MILLION BIT/IN? 
DEMONSTRATION. 


TMRw/r in win. 
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Error rate = 107° 
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» FOR THIS AND THE PREVIOUS 2 CURVES THE HEAD WIDTHS WERE FIXED. 
FOR A DESIGN THEY SHOULD BE OPTIMIZED FOR EACH TMR AND TPI. 
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PROBLEM 13.1 


For a head disk assembly TMRr/w IS 80 uw inches and TMRw/w IS 105 
MW inches. THE OI measurement is 110 pin and TPF is 450 wuIN. 
Assume K, = K, = 1.3. Find all parameters of the lambda curve and 
plot it. Find the minimum allowable pitch. 
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Oral Paper EC-07 


Roy Jensen F&O;28 1 
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Abstract - This paper describes the testing and modeling 
methods undertaken to demonstrate and verify an areal density 
of 500 million bits/in.2, with a combined inductive, thin film 
write head and a magneto-resistive read head on an advanced, 
state of the art thin film disk. The linear density was 100,000 
bits/in. (3937 bits/mm), the track density was 5,000 tracks/in. 
(196.9 tracks/mm) and the flying height was 2.5 yin. (64 nm). 


INTRODUCTION 


The IBM Magnetic Recording Institute set an objective to 
demonstrate an areal density of 500 million bits/in? (3937 
bits/ mm?), in an environment where the most aggressive pro- 
ducts were just approaching 100 million bits/in?. The criteria 
for success were set as: a flying height of 64 nm (2.5 uin.), 
with a 30 write-to-read track misregistration (TMRw/r), 
including read-write misalignment, of no less than 760 nm (30 
uin.) and a total raw soft error rate (SER) of 10° 
(errors/byte). The flying height and TMRw/r criteria were 
Selected as obtainable mid-nineties product objectives. This 
paper describes the characterizations of the head, disk and 
channel, the linear and track density measurements, and the 
test and modeling methodologies used to verify the soft error 
rate and TMRwir for the measurements made. 


COMPONENT CHAKAG TE RIAA TIONS 


The narrow track recording head was a combination of a 
thin-film inductive write clement and a magnectorcesistive read 
element. The read head was similar to the type described in 
paper[|]. The head gap was . wm and the element width 
was 3.6 um. The recording was done on a CoPtCr thin-film 
disk, similar to the type described in paper[2], Dut with a 
coercivity of 13385 Oc and remanence-thickness product of 
8x10 eanivem:. ‘Viany of ine scomeiric ind marnetic target 
values for the head and disk were set bv use of modeling 
techniques described beiaw. The following were uscd to gain 
our objectives: a peak detection channe! with a data rate of 
4.5 megabytes per seconds (MB.s), 4 second derivative equal- 
ization boost of 10 dB at 17.8 MHz. a five-pole low-pass filter 
With: 2B enuation: 22 Viele and i) a eae 
limited encoding scheme. The magnetic acad-dIsk separation 
was approximately 102 am ¢4 win. with a flying peight of 64 


nm. The difference was split between head recession and 
disk overcoat. The head output at low density was 643 
“HV... with a 3 dB roll-off point at 2400 flux changes per mm 
(fc/mm). Figure | shows both unequalized and equalized iso- 
lated pulses. Figure 2 shows the micro-track profile of the 
read head. The low frequency track profile of the written 
track was very uniform, had fairly steep sides and the width 
was 4.3 um. The total signal to noise ratio was 28 dB, 
defined as base to peak isolated pulse divided by rms noise. 
The disk noise was measured with high density data present. 
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Figure 1. Normalized, equalized and unequalized isolated pulses. 
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SELECTION OF LINEAR AND TRACK DENSITIES 


To determine the linear and track densities and the 
required TMRw/r for the desired soft error rate, a combina- 
tion of off-track tests and modeling was used. Many of the 
test procedures described were developed in IBM the mid sev- 
enties 


DATA TRACK 
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INFORMATION | INFORMATION 
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Figure 3. Old information and 747 curve test schematics. SD is the 
squeeze distance, OI the old information distance. Numbers on the left 
refer to points in Figure 4. 
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Migure 4. “47 curve tor 500 Mbeine. Point A occurs when the erased banas 
of the adjacent and center tracks overlap. Numbers refer to figure .. 


These tests measure performance, expressed as error rates. 
under all off-track combinations of the head during reading 
and writing. The Track Density Error Rate Modcl. devel- 


oped by Joost Mortelmans. simulates these tests v using as 
input some 20 geometric and magnetic component parame- 


re 


ters. and calculates the SER from the signal to Gaussian 
noise ratio (SNR) [3] and the amount of signal type noise 
from adjacent tracks. This enables the model to compute the 
total SER as a function of assumed TMRw/r and the write- 
to-write track misregistration (TMRw/w). 


The first step was to determine the approximate track density 
capability of the test head by generating a 747 curve (so 
named for its resemblence to the front of a 747 airplane). 
This test consists of finding the off-track capability when a 
track of random data is centered at the boundary of two pre- 
viously written tracks and an adjacent track is written at a 
variable distance. Figure 3 shows the basic background 
pattern with the approaching adjacent track in the lower half. 
It also shows the presence of erased bands at the edge of each 
recorded tracks. For a given track pitch, the head is moved 
off-track in small increments until all written sectors have 
failed three times in 30 read operations. The mean of the 
resulting histogram of failed sectors versus off-track distance 
is called OI and this corresponds to a byte error rate of about 
&xl0°. Figure 4 shows OI versus adjacent track pitch for the 
500 MB/in.2 components. Referring again to Figure 3, when 
the adjacent track is far removed from the center track, it will 
have no impact on OI which will remain constant. However, 
as the old information band, between the data and the 
squeezing tracks becomes smaller. the off-track capability will 
increase and reach a maximum when the two erased bands 
abut. Further squeezing will result in a decrease of OT and 
lead to a position where the two erased bands overlap: this is 
point A in Figure 4, where Ol is the same as the initial point 
where the adjacent track is far removed from the center 
track. For yet smaller track pitches. the adjacent track erases 
or overwrites the center track. which causes OI to decrease 
precipitously. The track density at which the 74/7 curve 
peaks is close to the optimum for that head. Figure 4 shows 
this peak in the vincinity of S zm (200 uin.) or S000 tin. 


‘| ne SccOned SicA was AO AIClcrming Vic intar ens. 7 se .0F 
tests involving large quantities of data. THIS was accom- 
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plished bv running the old information test as a function of 
linear density. This test also measures off-track capability 
and consists only of the intial step of the 74/7 procedure: no 
adjacent track is recorded. Figure 5 indicates OT as a func- 
tion of tinear densitv.. Three triais were un at three adifierca: 
equalizer and derecior<eiip level settings: 
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Figure 5. OI or off-track capability versus linear density for three settings of 
the equalizer and the detector clip level, using the OI test. 
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Figure 6. Measured and calculated bathtub. when no adjacent track is 
recorded. Also shown are. PDP of TMRwyr, the product curve and its 
integral value (horizontal line) which vields the expected error rate and 
point Bin Figures 7 and §. 


Since the 747 curve showed that our track density would be 

close to S000 t/in and since our goai was 500 Mbyin.*, we 
selected 100 kbpi with the settings of trial #3 for the testing 
of large quantities of data. 
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SER AND TMR TEST AND MODELING RESULTS 


The solid line bathtub curve, shown tn Figure 6, was 
obtained by measuring the error rate as a function of off- 
track position of the read head. while collecting in excess of 
10° bytes of data from 20 tracks in an overnight test run. 
The track configuration is that of the OI test geometry, which 
is equivalent to a separation between center and adjacent 
tracks of one erased band width. In this case SD of Figure 3 
equals 0 which corresponds to 5344 t/jin. We initially 
screened the tracks at a 65% defect clipping level to identify 
the sectors to be skipped, however, no skips were required. 
The track density for the desired SER was determined as a 
function of TMRw/r and TMRw/w. The latter was assumed 
to be 33% larger than the former. The track density analysis 
consists of two steps, one for the write-to-read and one for 
the write-to- write TMR. 


In the first step, a bathtub curve is calculated (smooth curve 
in Figure 6) for the same track geometry as described in the 
test procedure to obtain the data bathtub. Minor adjust- 
ments, within the uncertainty of the paramcters, were made 
for a better match to the data. 
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Figure 7. Overall SER with squeeze (top) and SER trom data and caicu- 
lated bathtub without squeeze. 


An expected error rate value was obtained by integrating the 
product of the bathtub and the (Gaussian) probaoility 
density function (PDF) of the assumed TMRw’r. The width 


~ 


of the PDF reiates to the 3¢ value of the TMRw-r which ts 


) 


equal to 597 nm (23.5 yin.). This error rate is point B in 
Figures 7 and 8. Similarly, for each other value of TMRw/r, 
the bathtubs will correspondingly yield expected error rates 
which are plotted in the lower part of Figure 7 as the dotted 
curve. The solid curve results from using the data bathtub of 
Figure 6. 


In the second step, both TMRs are kept constant and a series 
of bathtubs are calculated as a function of adjacent track dis- 
tance. The expected error rates of the bathubs and the fixed 
TMRwy/r yield the squeeze curve shown in Figure 8. Also 
shown are the PDF of the TMRw/w, the product curve and 
its integral, the overall error rate. This PDF of the TMRw/w 
is centered at a squeeze distance of SD = 0, which corre- 
sponds to the OI test geometry and to 5344 t/in. (210.4 
t/mm). This track density is very high and also results in a 
high error rate as shown in Figure 8. The left hump of the 
product curve corresponds to the over-writing of the center 
track by the adjacent track (TMRw/w), while the right 
hump, which ts suppressed here because of the close prox- 
imity of the adjacent track, corresponds to the amount of old 
information between the two erased bands. At the optimum 
track density of the components, the two humps would have 
equal heights, indicating a balance between too high and too 
low a track density. 
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Figure 8. Calculated squeeze, PDF of TMRwiw, the product curve and tts 
integral vaiue which vields the overall expected error rate. 


This calculation was repeated for a range of TMRw-w vaiues 
to obtain the upper curve, in Figure 7. The SER value at 
[0* is point C. also shown on Figures 8 and 9. 
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Figure 9. Track density versus TMRw/r at a SER of 10-6 


The total process of Figure 7 is repeated at different 
nominal track densities to generate Figure 9 which is a plot of 
the track density versus TMRw/r for a total soft error rate of 
10° (byte). TMRw/r for 5000 t/in. (210.4 t/in.) is 30.8 
uin.(772 nm), which met the TMR objective of not less than 
30 uin.(760 nm). 


CONCLUSION 


We have demonstrated longitudinal magnetic recording and 
playback at 100 kb/in. (3937 b/mm) and 5000 t/in. (196.9 
t/mm) equivalent to an areal density of 500 Mb/in.2.. The 
components were characterized itn great detail including write, 
read, erased band and read profile skirt widths. A combina- 
tion of off-track measurements and the Track Density Error 
Rate Model showed that the target density was obtained for 
a soft error rate of 10° and a TMRw/r of 30.8 win. (782 nm). 
Although this was accomplished in a laboratory environment. 
the capability of magnetic components to record and read 
back at these high linear and track densities was clearly dem- 
onstrated. Incorporation of these densities into a product 
with the associated flying height and TMRs still represents 
significant engineering challenges. 


